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Biomedical implants are commonly made from commercially pure titanium and
other metal alloys, which are chosen for their strength and density. To improve the
stability and promote bone cell growth into the implant, efforts to bond coatings to metal
have been extensively studied. Many coatings used are considered bioactive, which
promote the adhesion and growth of the bone cells surrounding the implant [A.1]. Of
these, the most commonly investigated coating is a ceramic called hydroxyapatite, which
is brittle, leading to flaking and inadequate bone cell growth [A.2]. Alternate bioactive
coatings are being examined, including chitosan, the deacetylated form of chitin. Chitin
is the second most abundant polymer in nature [A.3] and is found in the exoskeletons of
insects and shellfish [A.4]. Chitosan has been proven to have excellent biocompatibility
[A.5], be non-toxic [A.3], and promote the adhesion and growth of bone cells
[A.6 – A.7].

In this research, four treatment combinations were developed and tested in an
attempt to improve film bonding. These treatment combinations were created using one
of two silane molecules, aminopropyltriethoxysilane and triethoxsilylbutyraldehyde, and
one of two metal treatments, passivation and piranha treatment. XPS was used to
characterize the reaction steps for each of the treatment combinations. A significant
decrease in TiO, along with significant increases in SiOx groups, C – N – H, and C = O,
indicated that the reactions were proceeding as expected. XPS also indicated that,
chemically, the chitosan films were not significantly different and were unchanged by the
treatment combinations.
Following chemical analysis, mechanical testing was performed on the four
treatment combinations. No changes to the bulk properties were seen as demonstrated by
nano-indentation, further indicating that the four treatment combinations did not change
the chemical properties of chitosan. The bulk adhesion of the films was greatly improved
for all four treatment combinations, as demonstrated by tensile testing. The highest value
from this research, 19.50 ± 1.63 MPa, was significantly higher than the previously
published results of 1.6 – 1.8 MPa [A.10].
Overall, the treatments developed in this study significantly improved the
adhesion of the chitosan film on the titanium substrate, without modifying the chemical
or structural properties of chitosan.
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CHAPTER I
LITERATURE REVIEW
1.1 Introduction
Metal has been used as implants in the human body for at least two thousand
years, when ancient civilizations used gold for dental purposes [1.1]. Since first being
developed to treat diseased teeth in the ancient world, the purpose and size of implants
has dramatically changed [1.1]. As our knowledge of the human body, the immune
system, and toxicology has increased, so has the realization that the metal implants used
in the human body are not as un-reactive as once believed. Implants that were once
considered inert and passive are degraded by the human body, through the leaching of
metal ions and the destruction of surrounding bone cells [1.14 – 1.16], along with
particulate formation caused by fretting [1.18].
This realization, and the human body’s mechanisms to remove foreign bodies, has
increased the efforts to improve the implant – tissue interface, to minimize the immune
reaction to the implant, to promote the growth of bone cells into and surrounding the
implant, and to stabilize the implant. Improvements have been made in creating coatings
that are bioactive, or promote an interface between tissue and coating [1.2]. These
improvements focus mainly on the interaction between the coating and the tissue, with
very little attention being paid to the implant surface – coating interface. As a result,
reaction mechanisms and bonding strengths of the various methods to produce coatings
1
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are not well understood. In order to improve the tissue – coating interface, information
must be obtained on ways to strengthen the coating – implant interface. The increase in
interface strength is needed in order to reduce or prevent the fracture of the coating from
the implant surface during implantation and to extend the life of the implant.
1.2 Implant Criteria
The first implants were originally used more than fifty years ago and were made
of common, commercially available polymers and metals [1.2]. However, these
materials were tested for their wear-patterns in the “outside” world, not in the fluids of
the human body. As physicians implanted these materials, some patients began
developing hypersensitivity reactions to these implants over time, leading physicians and
material – implant specialists to realize that a material chosen must meet several criteria.
Any implant used in the human body must meet all of the following characteristics [1.1]:
•
•
•
•

Low toxicity
Biocompatibility
Proper anatomical fit
Performance requirements

The implant should not be toxic to the surrounding tissues, nor should the
byproducts of the degradation of that implant be toxic [1.1]. A material or chemical is
considered toxic if it kills cells [1.3]. An exposure dose of that chemical is examined to
determine the effect on the cells. The exposure dose is measured with respect to the
entire animal. For example, the toxicity of pharmaceuticals are commonly characterized
by an LD50, which is the toxic dose of a drug that kills 50% of the population of rats
[1.4]. With implants, the toxicity effect of a chemical is examined using target cells,
which are those cells that are the most susceptible to that chemical. Usually, the target
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cells are cells normally surrounding the implant in vivo [1.3]. The target cell test is a
much more sensitive toxicity determination method than the whole animal toxicity test,
which accounts for the large differences in toxicity numbers between whole organism and
target cell test methods.
The implant should be biocompatible to the surrounding tissues, with the
definition of biocompatibility being determined based on the purpose of the implant [1.1].
The most basic definition of biocompatibility is given as “the ability of a material to
perform with an appropriate host response in a specific situation” [1.5], where a host
reaction is defined as “the reaction of a living system to the presence of a material” [1.5].
There are two major types of implants – those designed to remain for a patient’s lifetime
and those designed to be degraded by the body. The implants designed to remain
permanently in the patient, such as joint replacements, should not adversely affect the
host tissue nor should the tissue detrimentally change the implant [1.6]. The implants
that are designed to be degraded by the body, such as drug delivery systems, may release
toxic products, such as cancer drugs [1.1]. Therefore, unlike permanent implants, the
implants that are designed to be degraded may adversely affect the host tissue; also, the
surrounding tissue should detrimentally change the implant as the implant is degraded
and removed [1.6].
An implant must be designed for the location and must fit that location properly
[1.1]. Certain factors, such as movement, the fluid surrounding the material, and use will
determine the shape and features of the implant. For example, a joint implant must be
able to support movement, as the natural joint would do [1.1]. However, an implant that
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is designed to be placed in a vein or artery does not need to allow movement, but must
allow the blood to pass through it [1.1].
Finally, performance requirements are the last criterion needed for implant
success. These requirements are based on the location of the implant and the purpose of
the implant and must account for three different categories: mechanical performance,
mechanical durability, and physical properties [1.1]. An implant should be designed to
perform properly for its location within the human body, last more than ten years, and
utilize the bulk material properties, such as density or ductility. For example, a hip
implant should be strong and rigid to support the weight of the human body, it should last
for at least 10 years, and it should be constructed of metals that are considered strong, but
possess a low density, to reduce the weight of the implant while maintaining the strength
of the metal [1.1].
With these criteria in mind, physicians and material scientists began working
together more closely during the last thirty years to produce quality implants that would
better serve the patients who needed them.
1.3 Metal Implants
Different types of metal have been used in the human body for centuries. More
than 2000 years ago, gold was used in dentistry by the Romans, Chinese, and Aztec [1.1].
Since that time, advances have been made in both the understanding of toxicology and
the understanding of the human body and its immune system’s interaction with foreign
bodies.

5
The metals originally chosen for implantation were commercially available metals
[1.2]. These metals were not treated in any specific manner nor were they chosen for
their chemical composition, but instead for their strength, durability, and availability.
Eventually, though, material scientists began to realize that the manufacturing and
composition of the metal implant had a major impact on the ability of the body to react
with the implant, whether that was through degradation of the implant or the appearance
of sensitivity reactions [1.2]. Today, the metals used are all chosen based upon their
interaction, or lack thereof, with the host tissue. All three of the major implant metals
can easily be treated to form a passive oxide layer, which does not allow interaction
between the bone tissue and the metal implant. The metals are also chosen based on their
density, elastic modulus, yield strength, and tensile strength; the yield strength and tensile
strength can easily be changed by different methods of machining.
The manufacturing process of a standard metal implant begins with an ore, which
contains the desired metal as well as other elements and contaminants [1.2]. The metal is
removed from the ore through a standard treatment process designed for that specific raw
metal [1.2]. The raw metal is then converted into an alloy by the addition of specific
amounts of other chemicals, such as chromium or carbon in the creation of stainless steel,
or the removal of other chemicals, such as oxygen in the creation of titanium metals [1.2].
Once the raw metal has been made into the proper composition, the metal is processed
into stock shapes, which are sold to implant manufacturers. The manufacturers then
fabricate the implant into its final form [1.2]. Once the implant is completely formed, the
surface is cleaned and a passive oxide layer is created on the surface, following ASTM
standards [1.2].

6
The composition of the different implant metals is very important to the
mechanical properties, specifically tensile strength and yield strength. However, just as
the composition is important, so is the method in which the implant is fabricated.
Annealing a material refers to the method of exposing a metal to an elevated temperature
for an extended time period and then slowly cooling that metal [1.7]. Annealing is done
in order to relieve stress, increase ductility, and/or produce a specific microstructure
[1.7]. Cold-working refers to the process of plastically deforming a metal, causing that
metal to become harder and stronger [1.8]. It is used to increase the yield strength and
tensile strength. However cold-working does result in a decrease in both ductility and
percent elongation. Cold-forging, which is different from cold-working, refers to the
method of mechanically working a metal; forging a metal results in the formation of
tightly packed, well-defined grain structures and the best combination of physical
properties [1.9]. Some metals are difficult to melt and machine. These metals, when cast
by creating a molten material, result in casting defects and undesirable grain formations
[1.2]. Powder metallurgy is used on those difficult metals to reduce the defects and
prevent the undesirable grain formation [1.2]. In powder metallurgy, a fine powder of the
metal is compacted and then sintered together using the appropriate pressure and
temperature [1.2].
Currently, there are three types of metals used in the majority of implants, with
several different compositions available for each metal. Table 1.1 lists the most common
metals and the compositions of these metals that are used in implants.
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Table 1.1. Commonly used biomedical implant metals and their compositions [1.2].
Implant Metal
Stainless Steel, Grade 2, 316L

Cobalt-Chrome, F75

Cobalt-Chrome, F90

Commercially Pure Titanium, Grade 4

Ti – 6Al – 4 V

Composition (in wt %)
60.0 – 65.0
Iron
17.0 – 19.0
Chromium
12.0 – 14.0
Nickel
2.0 – 3.0
Molybdenum
< 2.0
Manganese
< 0.5
Copper
< 0.03
Carbon
< 0.1
Nitrogen
< 0.025
Phosphorus
< 0.075
Silicon
< 0.01
Sulfur
58.0 – 69.5
Cobalt
27.0 – 30.0
Chromium
5.0 – 7.0
Molybdenum
< 1.0
Manganese
< 1.0
Silicon
< 1.5
Nickel
< 0.75
Iron
< 0.35
Carbon
45.5 – 56.2
Cobalt
19.0 – 21.0
Chromium
14.0 – 16.0
Tungsten
9.0 – 11.0
Nickel
< 3.0
Iron
1.0 – 2.0
Manganese
0.05 – 0.15
Carbon
< 0.04
Phosphorus
< 0.40
Silicon
< 0.03
Sulfur
> 98.9
Titanium
< 0.10
Carbon
< 0.5
Iron
< 0.0125 – 0.015 Hydrogen
< 0.05
Nitrogen
< 0.40
Oxygen
< 0.18
Oxygen (Grade 1)
88.3 – 90.8
Titanium
5.5 – 6.5
Aluminum
3.5 – 4.5
Vanadium
< 0.08
Carbon
0.0125
Hydrogen
< 0.25
Iron
< 0.05
Nitrogen
< 0.13
Oxygen
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As Table 1.1 shows, stainless steel is mostly iron alloyed with chromium, nickel,
and molybdenum. Chromium was added to create corrosion – resistant steel. This
corrosion resistance is due to the formation of a strongly bonded, passive oxide film
[1.2]. However, chromium tends to migrate to the ferritic phase, as well as molybdenum
and silicon; the ferritic phase is the weaker of the two major phases in stainless steel
[1.2]. In order to stabilize the stronger austenitic phase, nickel is added [1.2]. Stainless
steel comes in many different alloys, with one major difference being the amount of
carbon present [1.2]. Even 316 stainless steel is different from 316L stainless steel [1.2].
The “L” in 316L stands for low, indicating that the carbon percentage is extremely small
[1.2]. The smaller amount of carbon present, the lower the rate at which the metal
corrodes [1.2]. This occurs since the carbon bonds to the chromium, which reduces the
ability of the chromium to form the passive oxide layer [1.2]. Adding the different
chemicals to stainless steel and adjusting the method in which the stainless steel is
processed changes the yield strength and tensile strength, as shown in Table 1.2.

Table 1.2. Properties of commonly used implant metals: their density, elastic modulus, and tensile strength.
Implant Metal
Stainless Steel, Grade 2
Annealed
30% Cold-Worked
Cold Forged
Cobalt-Chrome
Annealed
Powder Metallurgy
Cobalt-Chrome
Annealed
40% Cold-Worked
Commercially Pure Titanium
Grade 1, 30% Cold-Worked
Grade 4, 30% Cold-Worked
Ti – 6Al – 4 V
Forged Annealed
Forged Heat-Treated

ASTM

Density
(g/cm3)*

Elastic Modulus
(GPa)*

Yield Strength
(MPa)**

Tensile Strength
(MPa)**

F138, F139
8.00
8.00
8.00

193
193
193

331
792
1213

586
930
1351

8.29***
8.29***

210**
253**

448-517
841

655-889
1277

9.13
9.13

236
236

448-648
1606

951-1220
1896

4.51
4.51

103
103

170
485

760
760

4.43
4.43

114
114

896
1034

965
1103

F75
F90
F67
F136

* From reference [1.10] ** From reference [1.2] ***From reference [1.87]
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As expected, cobalt-chrome is created mostly from cobalt and chromium, along
with quantities of molybdenum or tungsten, as shown in Table 1.1 [1.2]. Cobalt-chrome
was originally created to make use of the strength that the two elements create when
combined together [1.2]. In the process of developing cobalt-chrome, it was determined
that the grain structure of cobalt-chrome is very difficult to control using casting with
subsequent annealing methods [1.2]. Cobalt rich grains are formed, with grain-boundary
carbides consisting of carbon combined with only one of the following: molybdenum,
chromium, or cobalt [1.2]. This combination of cobalt-rich grains and carbide-rich grains
causes the formation of an electrochemical gradient, with the cobalt-rich grains being
anodic and the carbide-rich grains being cathodic [1.2]. In addition to cobalt-chrome
being difficult to anneal in a desired manner, cobalt-chrome is also very difficult to
machine. The addition of two elements, tungsten and nickel, improved the machining
and fabrication ability of the metal [1.2]. Table 1.2 shows the significant increase in
yield strength and tensile strength when the original cobalt-chrome alloy (ASTM F75),
which cannot be cold-worked, is compared with the cobalt-chrome alloy with added
nickel and tungsten (ASTM F90) that can be cold-worked.
Titanium has increasingly been considered for use in implant materials due to the
density of the material, which is about half of stainless steel and cobalt-chrome. The
lower density results in a lighter material, a desirable attribute in a metal that is placed in
bone and carried daily by the implant patients. The two major types of titanium are
commercially pure titanium and titanium with 6% aluminum and 4% vanadium added
(Ti-6Al-4V) [1.2]. As shown in Table 1.2, with commercially pure titanium, an increased
presence in oxygen content from grade 1 to grade 4 increases the yield strength as it
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increases the strength of the interstitial areas, or those areas between the “host atoms”
[1.11]. The increased presence of oxygen also helps form a surface layer of TiO2,
helping resist corrosion of the metal [1.2]. The addition of aluminum and vanadium, to
form Ti – 6Al – 4V, increases the yield and tensile strengths of the metal as aluminum
helps stabilize the alpha phase while vanadium helps stabilize the beta phase [1.2].
No metal implant is without problems, as major technical drawbacks exist. To
begin with, metal implants are usually smooth, with an un-reactive surface. The smooth
surface is not osteoconductive, so it does not promote the growth of bone cells into the
implant [1.12]. Without the growth of bone cells into the implant, the implant cannot be
stabilized; eventually, the instability of the implant will lead to slipping of the implant
within the bone surface [1.18]. A type of mechanical corrosion called fretting can then
occur, eventually leading to biological corrosion and the necrosis of surrounding bone.
As a result of biological corrosion, by-products are produced which are transported
throughout the body; these by-products can then cause severe systemic reactions.
Corrosion of the implant, both mechanically and biologically, along with the local and
systemic problems created by the corrosion by-products, are the major issues surrounding
metal implants.
Corrosion of biomedical implants has multiple different causes. A mechanical
type of corrosion, called fretting, occurs when materials under a load experience either
vibration or begin to slip [1.13]. A biological type of corrosion, called biocorrosion, or
corrosion caused by a biological attack, begins with a uniform attack through the leaching
of metal ions [1.14 – 1.16] and continues with pitting [1.14], or corrosion that occurs in
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an extremely localized area resulting in holes in the metal [1.17]. Each type of corrosion
can cause long-term negative effects to the patient.
The stress load of the impact caused by walking can lead to implant slippage and
fretting corrosion. While one might not think that slipping occurs in the area surrounding
the implant, very little slippage is required; as little as 10-8 cm is all that is necessary to
produce damage due to fretting [1.13]. The surface of the metal begins to wear off in the
form of oxide debris and fractures due to fatigue and pitting can then result [1.13]. Also,
since the oxide debris formed is located between the bone and the implant, the oxide
debris can rub against the bone cell membranes, causing the rupture and death of the
cells. The death of the surrounding bone cells causes the loosening of the implant, which
can create a need for the replacement of the implant [1.18]. Fretting also can destroy the
passive oxide film, leading to another types of corrosion [1.18].
Fretting, or mechanical corrosion, can lead to biological corrosion and the
formation of pits. However, biocorrosion does not need the assistance of fretting to
begin. In the human body, when a foreign body is detected, macrophage cells are sent to
the site of the foreign object [1.19]. These cells are designed to destroy the foreign body
by releasing chemicals and then engulfing of the object, such as viruses or bacteria
[1.19]. While all of the metals used in the most common implants exhibit passivity, or
the loss of chemical reactivity [1.17], the macrophage cells begin releasing chemicals that
attack the passive surface [1.19]. Eventually, the chemical attack can lead to the leaching
of metal ions, as seen in stainless steel 316L [1.14]. It was demonstrated that certain
chemicals, such as nickel, were removed from the surface of the metal, while other
chemicals, such as chromium, were bonded to compounds which were not originally
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present in large quantities, such as sulfur [1.14]. The implants also showed pitting [1.14],
which is often difficult to detect, as the pits are small and usually covered by the
corrosion by-products [1.17]. The failure that occurs is often very sudden and
unexpected and can occur even though only a very small amount of implant weight has
been lost [1.17]. Biocorrosion does not only affect stainless steel 316L, however.
Cobalt-Chrome, or ASTM F75, has also been shown to corrode using a human cell
culture model [1.15]. Even though pitting was not demonstrated over a nine day period,
the osteoblasts that surrounded the implant metal did leach out varying amounts of both
cobalt and chromium [1.15]. A similar in vivo study on Cobalt – Chrome showed that
nickel and molybdenum were also leached [1.16].
The bone tissue that surrounds the implants is responsible for the leaching of
chemicals from the surface of the implant. Some of these leached chemicals may be
taken up by the surrounding bone cells for use in cellular processes [1.15]. Within the
human body, there are several biological processes that need metals to perform their
activities, such as hemoglobin utilizing iron to fix oxygen within the red blood cells
[1.20]. Cobalt and chromium are considered essential metals, or those metals that are
needed to perform physiological activities [1.21]. Following the leaching of the metal
ions, the chemicals from the implant are then transported extracellularly throughout the
body. However, an extended period of time is needed to accumulate the chemicals to
values higher than background amounts. This accumulation, due to the leaching and
transportation of implant chemicals, can be an indication that the implant is loosening,
since the levels of metal within the body are typically higher for patients with loose
implants [1.16]. A contributing factor to this loosening, however, is the necrosis, or
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death, of the surrounding tissue. This is caused by the inability of the osteoblasts to
proliferate [1.15]. With weight loss experienced by the implant due to the leaching of
metal ions and the bone cells surrounding the implant dying, eventually too much space
between the bone and the implant will exist. At this point, the implant has been loosened
and will need to be surgically removed and replaced.
Loosening of the implant, through the leaching of chemicals and the necrosis of
the surrounding bone cells, is not the only problem with corrosion, however. The
chemicals are not just leached for use in physiological activities, though, but instead
leached indiscriminately. All of the leached chemicals can be found throughout the
human body, absorbed and stored by cells in different tissues, and/or eliminated as waste
in the urine [1.16, 1.21]. For example, chromium is found in the blood stream in high
amounts, but is rarely found in the urine, indicating that the red blood cells bind and store
the chromium [1.16, 1.21]. The leaching of chemicals, however, is considered to be
chronic, or persistent, and ongoing throughout the life of the implant [1.21]. The amount
of metals leached yearly is considered very low, but these chemicals will accumulate in
certain areas of the body, such as the lungs, liver, kidneys, and spleen [1.16, 1.21]. The
long-term effects of the accumulation of these chemicals are just now being studied.
Several of the elements used in the creation of the metal implants, including nickel,
cobalt, and chromium, have previously been shown to be carcinogenic [1.21].
Ultimately, though, the chemical state of the element determines if the element is
carcinogenic or not. Chromium, for example, is a necessary metal when it is in the Cr3+
state; however, when chromium is in the Cr6+ state, it is a known carcinogen [1.21]. With
the transportation of the chemicals throughout the body, an implant patient may or may
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not develop cancer that is related to the implant [1.14]. The transportation of chemicals
throughout the body is not just an issue with cancer. Transportation of the chemicals
throughout the body can lead to long-term sensitivity reactions, including, but not limited
to, asthma and urticaria [1.21]. Corrosion by-products, while not causing an immune
reaction on their own, often react with native proteins causing the formation of a foreign
body and the activation of an immune response [1.22]. If this immune response occurs in
the lungs, asthma can result. Urticaria, the formation of sensitive, itchy red round welts
on the skin, can be a major consequence if the immune response occurs in near the skin
[1.22, 1.23]. Short-term sensitivity reactions to metal can also arise [1.22, 1.23].
Hypersensitivity reactions can occur with any metal present in the body; however, the
most common reactions occur with nickel, cobalt, and chromium, respectively [1.22].
While it usually takes several hours to several days for the hypersensitivity immune
response, the resulting cascade of events will eventually cause severe tissue damage
surrounding the implant [1.22]. These hypersensitivity reactions eventually lead to the
removal and replacement of the implant [1.22]. In general, implants created from
stainless steel or cobalt-chrome alloys have resulted in more hypersensitivity reactions, as
compared with titanium and titanium alloys [1.22]. However, titanium and titanium
alloys are not exempt from hypersensitivity reactions. All metals that are used in
implants can result in hypersensitivity reactions and may be one reason that a metal
implant fails [1.22]. When an implant was functioning poorly, 60% of the patient
population studied had hypersensitivity reactions to the metal in their implant [1.22].
When an implant was functioning properly, only 25% of the patient population studied
had hypersensitivity reactions to the metal in their implant [1.22]. While hypersensitivity
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reactions may not be the only cause in failure of the implant, it is believed that metal
sensitivity is a contributing factor to implant failure [1.22].
Even though the corrosion of several different types of implants has been
investigated, titanium is not likely to corrode [1.1]. The major problem with titanium is
the lack of osseointegration, or the incorporation of the implant into the surrounding bone
[1.12]. Osseointegration is important, as this helps stabilize the implant [1.12]. Methods
are currently being investigated to reduce or prevent the degradation of the implant and
improve the growth of bone cells into the implant. One method to prevent corrosion,
both biological and mechanical, and to improve osseointegration is to create a coating,
which prevents the macrophage cells from reaching the implant surface while giving the
bone cells a surface onto which they can attach and grow.
1.4 Implant Coatings
While the strength and durability of an implant are determined by the bulk
properties of the material, the reaction of the host tissue is determined by the surface
chemistry of the implant [1.2].
No matter which method is used to improve the tissue – implant interface, the
created layer must be resistant to delamination, which is the separation of the film from
the metal surface [1.2]. Many different methods to coat metals exist and include:
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•
•
•
•
•
•

Plasma-spraying
Immersion coating
Dip coating and sintering
Hot isostatic pressing
Sputtering
Chemical reactions

Plasma-spraying occurs by injecting powder into a very high temperature plasma
flame where it is heated to a molten material and then accelerated to a very high velocity
[1.24]. The molten material hits the substrate and rapidly cools, bonding to the substrate
and forming a coating [1.24]. Plasma-spraying is very costly and complex. Due to the
high temperature, only compounds that can be melted without losing their bulk properties
can be used, which virtually eliminates all polymers [1.24]. However plasma-spraying is
used commonly with certain materials, such as ceramics, that can withstand the molten
phase [1.25 – 1.28].
Immersion coating occurs when a sample is placed into a solution containing the
desired coating material. In the literature, this usually means that the desired coating
material has been melted [1.29]. Dip coating occurs when a sample is placed, or dipped,
into a solution containing the desired coating material, removed, and allowed to dry
[1.29]. The dipping process may be repeated multiple times [1.29]. Sintering occurs
when a sample with the desired powder coating is heated to a high temperature. The
coating will bond to itself and to the substrate without becoming a liquid [1.29 – 1.30].
The porosity of the powder is reduced as the atomic spacing decreases [1.30]. In hot
isostatic pressing, heat and pressure are both applied while the powder is being sintered
[1.29]. This produces a solid material with a much lower porosity than normal sintering
produces [1.29 – 1.30].
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Sputtering occurs when a beam is directed at a target containing the desired
material [1.31]. Atoms are released as a result of the bombardment of the target by
energetic ions [1.31]. Different methods for sputtering exist, with some using an ion
beam [1.29] and others using radio-frequency [1.32]. Sputtering is commonly used on
targets made of metals, oxides, fluorides, and other chemical compounds [1.88]. The
targets are created by melting the materials or hot-pressing powders [1.32]. Both of the
methods to create the sputtering targets could not be used for polymers, as the heat would
destroy the polymer chains [1.88].
Finally, chemical reactions occur when the surface of the implant metal is treated
with a chemical that will bind to the metal surface [1.33 – 1.35]. Silanes can be used to
covalently bond with a metal surface and produce a desirable reactive surface group, such
as an amine (NH3) or an aldehyde (HC=O) [1.1, 1.33 – 1.35].
All of the various surface treatments described above have a single goal – to
improve the bonding of a coating to metal. The most desirable coatings for biomedical
implants are those which are considered bioactive. These bioactive materials develop “an
adherent interface with tissues that resist substantial mechanical forces” [1.2]. The
adhesion between tissue and implant coating is highly desirable, since it can stabilize the
implant. Without adhesion between tissue and coating, a fibrous tissue of variable
thickness forms; this fibrous tissue cannot stabilize or support the implant [1.2].
Compounds and chemicals that are considered bioactive are present in nature,
both inside and outside of the human body. Examples that have been examined in the
literature include physiological fluids, such as synovial fluid surrounding human joints,
hydroxyapatite, (Ca10(PO4)6(OH)2) which is usually bioactive and resorbable [1.1, 1.25 –
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1.27, 1.29], calcium phosphate, (CaP) [1.32, 1.36], bioactive glass [1.28], and
biologically functional materials, such as enzymes and proteins [1.33 – 1.35].
Several problems exist with the current coatings that are based on the properties
from the bulk material. Every material, from ceramics to metals to polymers, can be
compared based on the moduli of elasticity, tensile strength, and yield strength. The
modulus of elasticity relates to the stiffness of the material [1.37]. Ceramics typically
have a modulus of elasticity higher than that of metals, while the modulus of elasticity of
polymers are usually much lower than that of metals [1.10, 1.37]. However, to think of
the modulus of elasticity as proving how elastic a material is would be deceiving. The
modulus of elasticity measures a material’s resistance to elastic deformation: the higher
the modulus of elasticity, the stiffer the material [1.37]. Modulus of elasticity is not the
only measure to determine a material’s resistance to change and should not be the only
value examined when determining which material to use. The elongation of a material is
a sign of the ductility of the material, or its ability to deform plastically before fracture
[1.37]. While metals and ceramics exhibit much higher moduli of elasticity, an indication
of stiffness, polymers exhibit much higher percentages of elongation, an indication of
ductility [1.10, 1.37]. Metals can typically elongate no more than between 15% and 60%,
depending upon the metal being examined [1.10], while ceramics possess ductilities of
less 5%, which is defined as possessing no elongation ability. Polymers, on the other
hand, typically can elongate from between 400% and 1200% [1.10], indicating an ability
to give to stresses from scratching, a type of plastic deformation.
The largest problem with coatings is based on the type of material used.
Hydroxyapatite and calcium phosphate are both ceramics, while bioactive glass is
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classified as a glass – ceramic [1.2]. These three materials possess typical ceramic and
glass bulk properties; they are extremely hard, but very brittle with fracturing occurring
before any type of plastic deformation can occur [1.38]. This brittle behavior can lead to
flaking, cracking, and scratching of the coating during implantation [1.26, 1.39]. The
destruction of the coating can lead to pitting and crevice corrosion since the macrophage
cells can get to the implant surface, defeating the purpose of the coating [1.26]. One
method of improving hydroxyapatite is to incorporate it into a polymer, such as polylactic
acid [1.40 – 1.41], collagen [1.42], chitosan [1.39, 1.43], or polyethylene [1.44 – 1.45].
The addition of hydroxyapatite to the polymers showed an increase in the modulus of
elasticity of the polymer; however, a point was reached when so much hydroxyapatite
was present that a brittle fracture occurred [1.41, 1.44]. Even with the addition of a
polymer to hydroxyapatite, the ability of the coating to survive a scratch should always
be questioned.
Another method of increasing the bioactivity of the coating is to include
compounds within the coating materials that will encourage and support the growth of the
bone tissue. Examples of these materials include enzymes and proteins that the host
tissue will recognize and to which they will favorably respond. Model enzymes and
proteins have also been studied to ensure that bonding via silanation will not cause
inactivation of the enzyme [1.34 – 1.35]. The use of silanes or plasma deposition has not
reduced the enzymatic activity of alkaline phosphatase [1.33], trypsin [1.34 – 1.35], or
lysosyme [1.46]. Some proteins previously bound to the surface of metal implants
include a model protein, albumen [1.33], and a protein that can encourage bone cell
differentiation and growth called bone morphogenetic protein [1.46]. These proteins
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were also not affected by silanation [1.33] or using plasma deposition and a linker
molecule to bind the protein [1.46].
Enzymes and proteins are not the only biologically produced materials. Polymers
can also be biologically produced. As previously stated, with a low modulus of elasticity
and high percents of elongation, polymers should be able to withstand the stresses of
implantation without flaking or cracking. There are several different types of polymers,
with different functions, that are produced biologically [1.2]. Collagen and
glycosaminoglycans are two types of polymers that are produced by the human body,
reside in the connective tissues, and are used for mechanical support and movement [1.2].
Other biologically produced polymers include silk, chitin, deoxyribonucleic acid (DNA),
and ribonucleic acid (RNA) [1.2]. Each of the polymers have specialized functions, such
as protection, shape, and protein synthesis [1.2]. The biologically produced polymer,
chitin, is considered bioactive [1.47] and is of special interest in this research.
1.5 Chitosan - Properties and Uses
Chitin is the second most abundant form of polymerized carbon in the world, only
behind cellulose [1.48]. It is present in the exoskeletons of most crustaceans, such as
shrimp, crabs, and lobster [1.47], along with insects, some fungi, and micro-organisms
[1.47 – 1.48]. Chitin is a straight polymer composed of N-acetyl glucosamine [1.48].
Treatment of chitin with concentrated bases, such as sodium hydroxide, results in the
deacetylation of the polymer and the creation of chitosan [1.47 – 1.48]. Chitosan is a copolymer composed of glucosamine and N-acetyl glucosamine [1.48]. The polymer is
called chitin when the degree of deacetylation (DDA) is below 50% and chitosan when
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the degree of deacetylation is 50% or above [1.49]. Of the two polymers, chitosan is
more often investigated for use both inside and outside of the body [1.49]. Chitosan is
used because it is soluble in dilute organic acids, allowing the hydroxyl and amine groups
to be utilized in chemical reactions [1.48 – 1.49]. Upon dissolution, the amine group in
chitosan becomes protonated, resulting in a positively charged polysaccharide that can
attract and promote cell adhesion [1.50]. Figure 1.1 shows the chemical structure of
chitin as compared to chitosan. Chitosan contains a decreased concentration of
acetamide groups, but an increased concentration of amine groups. These amine groups
will allow bonding to the terminal groups of the silane molecules selected in this
research.
Besides the positively charged amine group, chitosan exhibits many properties,
both physiochemical and biological, which are useful for a wide range of applications.
Chitosan was originally examined for use in water treatment [1.47, 1.51]. The use of this
polymer for water treatment emerged due to its physiochemical property of chelating
metal ions [1.47] or coagulating proteins, dyes, and amino acids [1.47]. Chitosan is also
used in agriculture, as a fertilizer [1.47], seed coating [1.47, 1.52 – 1.53], or leaf coating
[1.47]; it is employed because of biodegradability and fungistatic activity [1.47, 1.52 –
1.53]. The biomedical community, however, has done the most research with respect to
chitosan. The investigation into chitosan exists because it possesses many desirable
biological properties.
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Figure 1.1. Schematic representation of chitin and chitosan [1.49].
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To begin with, chitosan is non-toxic, with an LD50 of greater than 16 g/kg [1.48].
In addition to being a fungistatic polymer, chitosan is also bacteriostatic [1.53 – 1.54].
Chitosan, in amounts as low as 0.1%, stopped the growth and reproduction of
Staphylococcus epidermis. In amounts as low as 1%, the polymer was able to stop the
growth of Staphylococcus aureus and Pseudomonas aeruginosa [1.47]. These three
bacteria are commonly found on the human skin and create problems for healing if the
bacteria get into a wound [1.47]. Chitosan is not just bacteriostatic, but is also
bactericidal against a large range of bacteria [1.54]. It is particularly useful against the
yeast family Candida and gram-positive bacteria [1.54], while S. aureus and S. epidermis
were completely killed by 8 mg of chitosan per mL of water. P. aeruginosa, while
inhibited in the presence of chitosan, was never completed killed nor completely
inhibited by the polymer [1.54].
Chitosan is considered a biocompatible polymer [1.50, 1.55 – 1.57], but also
demonstrates bioactive behavior [1.50, 1.55 – 1.62]. The polymer is considered
biocompatible since only a mild tissue reaction occurs after the material is placed into the
host tissue [1.55 – 1.56]. The polymer is considered bioactive because it promotes the
adhesion of cells [1.1, 1.47]. The cationic nature of chitosan promotes cell adhesion,
differentiation, and growth of bone cells [1.57, 1.59 – 1.61]. Chitosan provides the cells
a location to attach to the polymer, through the positively charged amine group [1.60].
When chitosan is present, the osteoprogenitor cells, those that produce bone cells, are
almost doubled in number compared to locations without chitosan [1.59 – 1.60]. With
the presence of the osteoprogenitor cells, chitosan then stimulates their differentiation,
into the formation of bone cells [1.59]. Although the quantity of bone that was produced
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by the osteoblasts was doubled [1.60], the most important effect was the organization of
the bone tissue. The controls consistently had fibroblast type cells, while the chitosan
was fibroblast free [1.60]. As compared to the controls, which were “spindle-shaped” or
the shape of a fibroblast, the bone cells that were present on the chitosan surfaces
maintained the “plump, spherical to polygonal form” [1.61]. This retention in shape is
very important, as cell morphology changes, the cell functions also change [1.61]. The
cells present on the chitosan surfaces continued to maintain their shape and cell-specific
functions [1.61]. The lack of fibroblasts is very important, since this promotes proper
healing, and the formation of bone tissue [1.60]. The ability of chitosan to prevent the
attachment of fibroblast cells helped prevent the formation of fibroplasias and promoted
the formation of organized tissue [1.60]. The prevention of scar tissue can also be
attributed to chitosan, which helps enhance the production of hyaluronic acid, a material
present in the extracellular matrix of connective tissue [1.59]. However, hyaluronic acid
is not the only material present in the extracellular matrix surrounding connective tissues.
Chitosan, as a foreign body, helps activate macrophages, which produce different types
of growth factors [1.19]; these growth factors then promote and regulate the production
of the extracellular matrix [1.62]. The production of the growth factors then promotes the
growth of cells surrounding the macrophages, which helps promote the differentiation
and growth of bone cells [1.19].
Chitosan is also considered biodegradable; the byproducts produced by the
degradation of chitosan are part of normal metabolism, which include CO2,
glucosamines, and saccarides [1.50, 1.57]. While chitosan can be degraded, specifically
by lysozyme [1.63 – 1.65], this polymer is usually only lightly degraded [1.50]. In fact,
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as the degree of deacetylation increases the amount of degradation of chitosan decreases
[1.50, 1.56 – 1.57]. With an increasing degree of deacetylation, the amount of cellular
attachment increases [1.56 – 1.57]. This is mainly caused by the increased presence of
the positively charged amine group attracting the negatively charged cells [1.56 – 1.57].
The decreased degradation is explained by the close packing of chitosan molecules
[1.50]; without the presence of the acetamide group, the biopolymer chain can align more
closely with other chains [1.50] and crystallinity can increase [1.50, 1.66]. The increase
in crystallinity and the decrease in distance between the chains prevent enzymes, such as
lysozyme, from degrading the chitosan [1.50].
Due to chitosan’s biocompatibility, bioactivity, and biodegradability, other
properties have also been investigated. Chitosan is also is haemostatic [1.48, 1.67], it
possesses the ability to stop bleeding, which is particularly useful when applying wound
dressings or artificial skin [1.47]. With the presence of the hydroxyl and amine groups,
chitosan is also easy to modify chemically [1.48], allowing the researcher the ability to
sulfate the chitosan, thereby producing chitosan that possesses an ability to prevent
coagulation [1.47]. The ability to produce an anti-coagulating material is necessary when
one is designing artificial blood vessels or dialysis machines [1.47].
While chitosan has many wonderful properties, both physiochemical and
biological, there is one major disadvantage associated with chitosan. Any item used in
medicine must be sterilized and chitosan has demonstrated a change in several properties
following sterilization [1.50, 1.68, 1.72]. The most commonly used methods of
sterilization include autoclaving, gamma irradiation, and ethylene oxide treatment

27
[1.68, 1.72]. Following sterilization, the film thickness, tensile strength, contact angle,
and hemolysis, or the ability to rupture red blood cells, were measured and compared to
pre – sterilization values. Autoclaving caused an increase in the thickness of the film,
which was attributed to an increase in moisture deposited by the sterilization method
[1.68, 1.72]. Gamma irradiation and ethylene oxide did not affect the thickness
[1.68, 1.72]. The tensile strength of the film was markedly decreased, with the largest
decrease created by the ethylene oxide and the smallest decrease caused by autoclaving
[1.68, 1.72]. The films sterilized in the autoclave retained 96 – 97% of the tensile
strength, while those sterilized in ethylene oxide retained only 80% of the tensile strength
[1.68]. The decrease in tensile strength was caused by chain scissons, crosslinking, and
hydrolysis of the chain by water molecules [1.68 – 1.70]. Using contact angle
measurements, all of the films showed an increase in hydrophobicity following every
method of sterilization [1.68]; however, the films did show a significant decrease when
measuring hemolysis [1.68]. Autoclaving does appear to be the optimum method of
sterilization, since no effects on biological performances in vivo were seen [1.71].
Chitosan is currently being examined for several uses within the biomedical
community. Originally, chitosan was used for wound dressing [1.49] and bone filler,
such as in the holes produced by wisdom teeth extraction [1.59, 1.77 – 1.79]. Very little
testing has been done on the ability to bind chitosan to a substrate. In fact, most of the
tests performed on chitosan have been on films formed in plastic or glass dishes, without
consideration of surface bonding [1.72 – 1.74]. Tests have also been performed on
chitosan containing other components, such as hydroxyapatite [1.39, 1.43], carbon
nanotubes [1.75], clay nanocomposites [1.76], and bone morphogenetic protein [1.80].
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Of those research efforts that involved coating a substrate with chitosan, several different
techniques have been used. The simplest method involves evaporation, which does not
use a chemical reaction to form the chitosan film, but instead allows the film to form as
the water evaporates, creating interlinked chains [1.80]. Another method that does not
use a chemical reaction is electrochemical deposition, which combines chitosan and
hydroxyapatite to form a composite material [1.81 – 1.82]. In electrochemical
deposition, a current is run through a cathode, the metal substrate, which attracts positive
charges present in other molecules, such as the amine group in chitosan [1.17]. Chemical
reactions have also been utilized and documented in the literature. One technique utilizes
a self-assembly method by reacting polycations and polyanions [1.83 – 1.84]. In this
technique, the substrate is dipped into polyethyleneimine followed by sodium
hyaluronate and chitosan, respectively [1.83], or the substrate is dipped into
polyethyleneimine followed by dipping into gelatin and chitosan, respectively [1.84].
This procedure was repeated until the desired thickness was obtained [1.83 – 1.84]. A
more complex chemical reaction was also investigated. Hydroxyapatite or bioactive
glass was placed onto Ti – 6Al – 4V through plasma deposition [1.85]. The chitosan was
then reacted with the plasma deposited material and allowed to dry [1.85]. While plasma
deposition is useful, it is very costly and complex [1.24]. Another chemical method was
investigated which does not require the specialized equipment or personnel of plasma
deposition. Silanation, which does not use any heat or specialized equipment, is a
chemical reaction in which a silane is used to bond to hydroxyl groups present on the
substrate [1.50, 1.86]. Based on the terminal group present, a linker molecule may be
needed [1.50, 1.86]. Following the silanation and linker molecule reactions, chitosan is
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reacted with the surface and allowed to evaporate to produce a film [1.50, 1.86]. While
the literature reveals multiple different methods to bond chitosan to metal substrates, only
one article discusses the adhesion of these techniques. Using a silanation reaction of
isocyanatopropyltriethoxysilane in an ethanol/water mixture, an increase in the adhesion
of the chitosan film using the evaporation method was seen, from 0.5 MPa to 1.6 MPa
[1.50].
This research is focused on improving the attachment quality of films on
commercially pure titanium grade 4. Commercially pure titanium grade 4 was chosen for
two reasons. First, titanium is a very commonly used metal for implants due to its
density and strength. Secondly, as shown in Table 1, there are very few elements present
in this material besides titanium and oxygen. The reactions that occur on the surface of
the metal will be with the titanium and not with other elements, which allows the
researcher to fully determine the model reaction. The film being investigated in this
research is chitosan, again chosen for two different reasons. The first reason is that
chitosan, as previously detailed, demonstrates many desirable properties, including nontoxicity, biocompatibility, and biodegradability. The second reason for the use of
chitosan is the ready availability of the material; it is a by-product of the seafood
industry, which makes up a large portion of the state of Mississippi’s economy. Finally,
chemical reactions using silanes will be used to bond chitosan to the titanium metal
coupons. Silane reactions were chosen for this research because of the ease of use; since
no specialized equipment is needed, the cost is reduced as compared to many of the other
deposition methods previously outlined.
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1.6 Research Objectives
Currently, advancements are being made to improve the implant – tissue interface
in order to minimize tissue necrosis, implant corrosion, and sensitivity reactions. These
efforts are aimed primarily at preventing the tissue from contacting the implant surface
through the creation of attached films. The films being examined usually incorporate
bioactive materials, including ceramics, polymers, and biofunctional molecules. The
osteoconduction properties of these materials have been well studied and manipulated.
However, while research has been done to improve the film – tissue interface, there has
been very little attention given to improve the film – substrate interface, or to understand
the effects that different treatments have upon this interface. Presently, the reactions that
occur at the surface to bind bioactive materials and the effects of these reactions on bond
strength and film quality are not well understood.
The primary objective of this research is to improve the adhesion of chitosan
films to commercially pure titanium grade 4. This objective will be accomplished by:
1. The chemical analysis of a published silane reaction.
2. The chemical analysis of four treatment combinations utilizing two metal
treatments and two silane reactions.
3. The mechanical analysis of the films produced from the four treatment
combinations.
The completion of these sub-objectives will develop insight into the chemical and
mechanical bonding mechanisms of silane treated titanium which will aid in improving
the strength of the film – substrate interface, thereby facilitating the development of high
quality implant coatings able to withstand the stresses associated with implantation.

CHAPTER II
MATERIALS AND METHODS
2.1 Introduction
This research, broadly defined as the development of biologically compatible
coatings on implant quality titanium, was performed using two different metal treatments,
three different reaction series, and multiple experimental characterization methods. The
metal treatments consist of a standard, commonly used method and a highly reactive
method, with both treatments designed to form different types of oxide layers on the
surface. The three different reaction series use different starting compounds and may or
may not have a linker molecule. The only common material used for the two different
metal treatments and the three different reaction series is the ending film created from
chitosan. The results of these metal treatments and reaction series were examined using
numerous experimental methods to determine the film quality, roughness, hardness, and
elastic modulus, along with the polymer’s reaction to stress. The experimental methods
used were X-Ray Photoelectron Spectroscopy (XPS) for chemical analysis, Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) for surface features
and roughness determination, nano-indentation, scratch testing, and bulk adhesion for
mechanical properties, and contact angle measurements for wettability properties.

31

32
2.2 Materials
Table 2.1 lists all of the chemicals used in this research, along with the
manufacturer and location. The deionized water was obtained from a NANOpure
diamond deionized water maker (Barnstead, Boston, MA) and utilized a D3750 hollow
fiber filter with a maximum operating pressure of 50 psi and a 0.2 µm pore size rating.

Table 2.1. Chemicals and materials used in the creation of chitosan films.
Chemical
Glacial Acetic Acid
Acetone
Instant Gel Adhesive
Aluminum Oxide Sandpaper
3-Aminopropyltriethoxysilane
Chitosan
Commercially Pure Titanium, Grade 4
Deionized Water
Ethanol, 200 proof
Gluteraldehyde
Hydrogen Peroxide
3-Isocyanatopropyltriethoxysilane
Isopropyl Alcohol
Nitric Acid
Sodium Hydroxide
Sulfuric Acid
Toluene
Triethoxsilylbutyraldehyde
Ultra Pure Water

Purity
99.7+%, ACS
≥99.5%, ACS Reagent
Prism 454, LT 45404
Grits of 600, 800, 1200
98%
87.4% DDA
----≥99.5%, ACS Reagent
25% Aqueous Solution
35% Aqueous Solution
95%
ACS Reagent
ACS Reagent
1.0N in Water
95-98%, ACS Reagent
99% min, Semiconductor Grade
90%
HPLC Grade

Manufacturer
Alfa Aesar
Sigma Aldrich
Loctite
Norton
Alfa Aesar
Dr. Bumgardner
Titanium Industries, Inc.
--Sigma Aldrich
Alfa Aesar
Alfa Aesar
Alfa Aesar
Acros Chemical
Acros Chemical
Sigma Aldrich
Alfa Aesar
Alfa Aesar
Gelest
Alfa Aesar

Location
Ward Hill, MA
St. Louis, MO
Rocky Hill, CT
Worcester, MA
Ward Hill, MA
Memphis, TN
Jacksonville, FL
--St. Louis, MO
Ward Hill, MA
Ward Hill, MA
Ward Hill, MA
Morris Plains, NJ
Morris Plains, NJ
St. Louis, MO
Ward Hill, MA
Ward Hill, MA
Morrisville, PA
Ward Hill, MA
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2.3 Reaction Methods
The metal coupons used in this research were first cut from a bar and polished. A
metal treatment was then applied to the polished coupons before being used in one of
three silane reaction series. The metal treatments and chemical reactions are given in
detail below.
2.3.1 Metal Preparation
The commercially pure titanium grade 4 was originally purchased as a 3 inch x 5
inch x ¼ inch bar. The bar was cut into approximately 1 inch x 1 inch x ¼ inch pieces
using a Makita Cut-Off Saw (Makita, La Mirada, CA) with a carbide blade and without a
water bath by BK Edwards Fabrication. These coupons were then sanded to a 1200 grit
finish in a series of steps. An electric belt sander (BR300, Type 1, Black and Decker,
Towson, MD), with a belt grit of 120, a belt width of 3” x 18”, and a speed of 656 feet
per minute, was used to smooth out the roughest areas of the metal pieces. A 320 grit
sandpaper was then placed on a compressed air, dual action sander (Nikota, Whittier,
CA) to remove the scratches made from the previous grit and to continue the smoothing
process. Following the 320 grit sandpaper, the samples were sanded by hand for the
remainder of the polishing. The first step to sanding by hand involved 600 grit, which
was used to remove the scratches left from the 320 grit and to continue smoothing the
metal surface. The metal was sanded in one direction and then rotated 90o and sanded in
one direction again. The coupons were continually sanded and rotated until the scratches
left from the previous grit were removed as determined by visual inspection. The coupon
was then sanded using 800 grit in the same method- one direction, then rotation of 90o-
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until all of the scratches from the 600 grit were removed as determined by visual
inspection. Sandpaper of 1200 grit then followed the 800 grit in the same method- one
direction, then rotation of 90o- until all of the scratches from the 800 grit were removed
as determined by visual inspection.
2.3.2 Chemical Cleaning
One of the following two methods of chemical cleaning was performed on the
polished metal coupons. The metal coupons were either treated using the passivation
method or the piranha method, but never both on the same sample before a reaction
series.
2.3.2.1 Passivation
Passivation was performed following ASTM F86, as shown in Figure 2.1. The
coupons were sonicated for ten minutes in each of the following chemicals: acetone, 70%
ethanol, and deionized water, respectively. The sonication is designed to remove
particulates from the surface of the metal. Following sonication in deionized water, the
coupons were placed in 30 vol. % nitric acid – 70 vol. % deionized water for 30 minutes
at room temperature. The nitric acid is used to form a passive oxide layer on the surface
of the titanium. Following the nitric acid treatment, the samples were rinsed with
deionized water and placed in an ultra pure water bath with a lid for 24 hours. Figure
2.1a shows the steps involved in passivation of the metal coupons.
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2.3.2.2 Piranha Treatment
The second metal treatment, or piranha treatment, can be extremely dangerous.
Care must be taken, as this reaction is highly exothermic and reacts strongly with
carboneous materials. It can burn the skin from both the heat produced and the
reaction of the chemicals with the skin. The coupons are first sonicated for 30 minutes
in 70 vol. % isopropyl alcohol and 30 vol. % deionized water, which is designed to
remove particulates from the surface. Following sonication, sulfuric acid is poured into a
beaker, with hydrogen peroxide slowly poured into the sulfuric acid at a ratio of
70 vol. % sulfuric acid to 30 vol. % hydrogen peroxide. The resulting mixture is then
swirled gently to ensure mixing before being poured over the metal coupons. The
coupons are left for ten minutes before being removed and placed in a second piranha
mixture for five minutes. Care should be taken that only a few samples at a time are
placed in the piranha solution, as a runaway reaction will occur with several samples.
Also, care should be taken to remove the samples after ten minutes and after five
minutes. Piranha does react with the exposed titanium and will etch the surface, if the
samples are left too long in the solution [2.1]. After the second piranha treatment, the
metal coupons were rinsed twice in ultra pure water before being placed in an ultra pure
water bath for 24 hours. The ultra pure water bath is designed to allow the formation of
Ti – OH groups. To prevent contamination, a container with a lid should be used to hold
the ultra pure water and the titanium samples. Figure 2.1b shows the steps involved in
the piranha treatment of the metal coupons.

Figure 2.1. The necessary steps for metal treatments.
(a) Passivation and (b) Piranha treatment of the metal coupons.
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2.3.3 Silane Reactions
For each sample, one of three different silane compounds was used. Following
one of the metal treatments, the coupons were placed in one of the three following silane
solutions. These silane reactions were designed to create a reactive terminal group to
which a different compound could bind.
2.3.3.1 Isocyanatopropyltriethoxysilane Reaction Series
This reaction involves placing the passivated coupons into a solution containing
3-isocyanatopropyltriethoxysilane. This method has been described elsewhere [2.2], but
is also given below. Three different reaction steps are used for this series.
The first reaction step involves the silane reaction. A mixture of 95 vol. %
ethanol and 5 vol. % deionized water is created, to which 2 vol. % of 3isocyanatopropyltriethoxysilane is added. The resulting solution is then stirred before the
addition of the metal coupons. The metal coupons are then added to the stirring solution
and left for ten minutes after which the coupons are removed and rinsed with ethanol
followed by deionized water.
The second step in the reaction series involves the linker molecule,
gluteraldehyde. A mixture of 98% deionized water and 2% by volume gluteraldehyde is
stirred before the addition of the metal coupons. The metal coupons are then added to the
stirred solution and left for 24 hours, during which time the solution is continually stirred.
The pH is maintained at 4.5 using either 1N sodium hydroxide or 10M acetic acid to
adjust the pH. Following the 24 hour time period, the metal coupons are removed and
rinsed with deionized water.
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The third step of the reaction involves the creation of the chitosan film. A
solution of 2% by weight chitosan is combined with 2% by weight acetic acid and 96%
by weight deionized water. The solution is stirred until the chitosan is fully dissolved and
is then filtered through several layers of cheesecloth to remove any undissolved
particulates. The metal coupons are then placed in a petri dish and the chitosan solution
is poured over the coupons. The chitosan solution is then allowed to evaporate for 7-10
days; after which time, a yellowish film can be seen on the surface of the metal coupons.
Figure 2.2 shows the anticipated reaction steps, with the reaction that should occur
between the metal and 3-isocyanatopropyltriethoxysilane labeled as reaction step 1, the
reaction between the terminal group of the silane and the gluteraldehyde molecule labeled
as reaction step 2, and the reaction between the silane-gluteraldehyde complex and
chitosan labeled as reaction step 3.

Figure 2.2. Isocyanatopropyltriethoxysilane anticipated reaction series.
Reaction step 1 shows isocyanatopropyltriethoxysilane bonding to the passivated metal surface. Reaction step 2 shows
gluteraldehyde bonding to the isocyanatopropyltriethoxysilane-titanium complex. Reaction step 3 shows chitosan bonding
to the gluteraldehyde-isocyanatopropyltriethoxysilane-titanium complex.
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2.3.3.2 Aminopropyltriethoxysilane Reaction Series
The aminopropyltriethoxysilane reaction series involved placing either the
passivated coupons or the piranha treated coupons into a solution containing 3aminopropyltriethoxysilane. Three different reaction steps are used for this series.
The first reaction step involves the silane reaction. A mixture of 98% by volume
toluene and 2% by volume aminopropyltriethoxysilane is created. The solution is stirred
for 1 hour, with care given to ensure that a vortex did not form. The metal coupons were
dried and placed in individual containers; the toluene – silane solution was poured over
the samples, using 25 mL per container to ensure full coverage of the metal coupon. The
containers were then sealed, covered with parafilm, and left for 24 hours. Following the
24 hours, the metal coupons were placed in pure toluene and sonicated for 30 minutes.
The procedure of using fresh toluene and 30 minute sonications was repeated twice more,
for a total sonication time of 90 minutes. The metal coupons were then rinsed with
ethanol followed by deionized water before being dried to remove any toluene residue.
Following the rinsing and drying process, the coupons were placed in individual
containers.
The second step in the reaction series involves the linker molecule,
gluteraldehyde. A mixture of 98% deionized water and 2% by volume gluteraldehyde is
created and stirred for 1 hour, with care given to ensure a vortex did not form. The
water – gluteraldehyde solution was poured over the samples, using 25 mL per container
to ensure full coverage of the metal coupon. The containers were then sealed and left for
24 hours. Following the 24 hours, the samples were rinsed with deionized water and
placed in a petri dish.
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The third step in the reaction series involves the creation of the chitosan film. A
solution of 1% by weight chitosan was combined with 2% by weight acetic acid and 97%
by weight deionized water. The solution was stirred for 1 hour to ensure that the chitosan
had dissolved and was then filtered through several layers of cheesecloth to remove any
undissolved particulate. The chitosan solution was poured over the metal coupons placed
in the petri dish. The solution was then allowed to evaporate for 7-10 days; after which
time, a clear film can be seen on the surface of the metal coupons, as the reflection of
light is different than on an untreated metal coupon. Figure 2.3 shows the anticipated
reaction steps, with the reaction between the metal and the 3-aminopropyltriethoxysilane
labeled as reaction step 1a, the reaction between the terminal group of the silane and the
gluteraldehyde molecule labeled as reaction step 2a, and the reaction between the
silane – gluteraldehyde complex and chitosan labeled as reaction step 3a.

Figure 2.3. Aminopropyltriethoxysilane anticipated reaction series.
Reaction step 1a shows aminopropyltriethoxysilane bonding to the metal surface. Reaction step 2a shows gluteraldehyde
bonding to the aminopropyltriethoxysilane-titanium complex. Reaction step 3a shows chitosan bonding to the gluteraldehydeaminopropyltriethoxysilane-titanium complex.
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2.3.3.3 Triethoxsilylbutyraldehyde Reaction Series
The triethoxsilylbutyraldehyde reaction series involved placing either the
passivated coupons or the piranha treated coupons into a solution containing
triethoxsilylbutyraldehyde. Two reaction steps are used for this series, as the
triethoxsilylbutyraldehyde does not require a linker molecule.
The first reaction step involves the silane reaction. A mixture of 98% by volume
toluene and 2% by volume triethoxsilylbutyraldehyde is created. The solution is stirred
for 1 hour, with care given to ensure that a vortex did not form. The metal coupons were
dried and placed in individual containers. The toluene – silane solution was then poured
over the samples, using 25 mL per container to ensure full coverage of the metal coupon.
The containers were sealed, covered with parafilm, and left for 24 hours. Following the
24 hours, the metal coupons were placed in pure toluene and sonicated for 30 minutes.
The procedure of using fresh toluene and 30 minute sonications was repeated twice more,
for a total sonication time of 90 minutes. The metal coupons were then rinsed with
ethanol followed by deionized water before being dried to remove any toluene residue.
Following the rinsing and drying process, the coupons were placed in a petri dish.
The second step in the reaction series involves the creation of the chitosan film.
A solution of 1% by weight chitosan was combined with 2% by weight acetic acid and
97% by weight deionized water. The solution was stirred for 1 hour to ensure that the
chitosan had dissolved and was then filtered through several layers of cheesecloth to
remove any undissolved particulate. The chitosan solution was poured over the metal
coupons located in the petri dish. The solution was then allowed to evaporate for 7-10
days; after which time, a clear film can be seen on the surface of the metal coupons, as

45
the reflection of light is different than on an untreated metal coupon. Figure 2.4 shows
the anticipated reaction steps, with the reaction between the metal and the
triethoxsilylbutyraldehyde labeled as reaction step 1b and the reaction between the
terminal group and chitosan labeled as reaction step 2b.

Figure 2.4. Triethoxsilylbutyraldehyde anticipated reaction series.
Reaction step 1b shows triethoxsilylbutyraldehyde bonding to the metal surface. Reaction step 2b shows chitosan bonding to
the triethoxsilylbutyraldehyde-titanium complex.
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2.4 Experimental Methods
The experimental methods used in this research were all chosen based on the data
desired. Since this research revolves around growing high quality chitosan films on
implant quality metal, both the reactions performed and the film produced must be
examined. X-Ray Photoelectron Spectroscopy (XPS) was used to examine the individual
reaction steps to determine the differences between the elements present based on the
various silane and metal treatments. Scanning Electron Microscopy (SEM) was used to
examine the films produced for differences in film features. Nano-indentation was used
to examine the hardness and elastic modulus of the films and scratch testing was used to
examine the adhesion of the films. SEM was also used to examine the nano-indentation
marks and scratches produced. Atomic Force Microscopy (AFM) was used to examine
the roughness of the films and the nano-indentation marks to determine how the film
reacted to stresses. Bulk adhesion measurements were used to determine if the bond
strength between the film and the titanium substrate was greater or less than the bond
strength of the glue. Contact angle measurements were used to determine if changes to
the film’s interaction with water occurred due to the different metal treatments and
silanes.
2.4.1 X-Ray Photoelectron Spectroscopy
XPS is a useful surface analysis technique that allows the user to determine the
elements present and the chemical composition of those elements. When using XPS, a
filament of either magnesium or aluminum is energized to produce soft x-rays of 1253.6
eV or 1486.6 eV, respectively [2.3]. The photons released then hit the surface of the
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material, reaching a depth of no greater than 100 angstroms [2.3]. The photon then
energizes an electron, which is released as a photoelectron. The ejected photoelectrons
are collected by an energy analyzer, which counts the number of photoelectrons to
determine the intensity of the element present [2.3]. An electron in the outer shell then
drops into the “hole” produced by the ejection of the photoelectron. In the process of
relaxation, that electron also releases energy causing the ejection of an Auger electron
[2.3]. Figure 2.5a demonstrates the excitation and ejection of a photoelectron, while
Figure 2.5b demonstrates the relaxation, excitation, and ejection of an Auger electron.
XPS is useful because each element has at least one characteristic binding energy
that corresponds to the shell present. Elements that have more than one shell will have
more than one characteristic binding energy [2.4]. The number of electrons surrounding
the nucleus of the atom determines the number of shells present [2.4]. After a shell is
filled with electrons, another shell is formed; when several electrons are present in a
shell, the shell may split, based on the spin of the electrons within that shell, as seen in
calcium and titanium [2.3]. Table 2.2 shows the number of electrons that fit into each of
the shells in the anticipated elements, and Table 2.3 shows the characteristic binding
energies for the elements commonly seen in the metal surface, reaction steps, and films.
As previously stated, XPS is a surface technique that reaches a depth of no more
than 100 angstroms. Because of this, XPS is an appropriate technique to examine the
surface chemistry and to monitor the reaction steps. As the anticipated reaction steps
proceed, a thin film is produced that will reduce, and ultimately cover, the titanium
elemental peak. XPS can also be used to determine the chemical compounds present
[2.3]. This occurs within each elemental peak [2.3]. As an element is bound in the form
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of different compounds and molecules, chemical shifts occur. For example, elemental
carbon has a binding energy of 284.5 eV and hydrocarbons have a binding energy of
285.3 eV. Every addition of an oxygen shifts the elemental carbon signal over 1.5 eV, to
286.0 eV for C – OH, 287.5 eV for C = O, and 289.0 eV for COOH [2.5]. These
chemical shifts allow the researcher to determine the compounds present on the surface
of the samples [2.3].

Figure 2.5. Excitation of electrons.
(a) Excitation and release of a photoelectron. (b) Relaxation, excitation, and release of an Auger electron. Adapted from [2.3].

50

51
Table 2.2. Electrons present in the shells of the anticipated elements [2.4].
Shell
1s
2s
2p
3s
3p

Electrons
2
2
6
2
6

52
Table 2.3. Anticipated elements based on the reaction steps.
The star indicates the major peak fitted for chemical composition [2.3].
Element
Carbon
Nitrogen
Oxygen

Atomic Number
6
7
8

Silicon

14

Calcium

20

Titanium

22

Energized Shell
1s*
1s*
1s*
2s
2s
2p*
2s
2p1/2
2p3/2*
3s
3p
2s
2p1/2
2p3/2*
3s
3p

Binding Energy (eV)
285
398
531
23
151
99
440
351
347
45
26
561
460
454
59
33
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2.4.2 Scanning Electron Microscopy
SEM is an imaging tool that allows the user to examine the surface features of
materials. In our research, SEM was used to examine the features of the chitosan films
produced through the different silane reactions and metal treatments. When using SEM,
a filament of either tungsten or LaB6 is heated and the electrons are released due to the
heat of the filament [2.6]. Since the filament and resulting electrons are negatively
charged and the anode is positively charged, an electrical potential is formed [2.6]. These
electrons are accelerated towards the anode, with the resulting voltage difference being
referred to as the accelerating voltage [2.6]. Figure 2.6 demonstrates the charging of the
filament and the voltage through the anode.
Following the passage of the electrons through the anode, the beam is focused
through a series of electromagnetic lenses [2.6]. Figure 2.7 shows the multitude of lenses
through which the electron beam passes [2.6]. After the beam has been properly focused,
the electrons hit the sample contained on the specimen stage [2.6]. The excitation of the
surface by the electrons causes the release of two different types of electrons: elastic,
high-energy electrons called backscattered electrons and inelastic, low-energy electrons
called secondary electrons [2.6]. Secondary electrons are very low energy and are often
absorbed by adjacent electrons, with only those secondary electrons close to the surface
able to escape [2.6]. The escaping secondary electrons are collected and converted to
photons in a scintillator. These photons are carried via a light tube to a photocathode that
converts the photons to photoelectrons [2.6]. These photoelectrons are then displayed on
a cathode ray tube, with the brightness on the screen indicating where the most secondary
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electrons were emitted [2.6]. Figure 2.8 shows the image collection system for the
secondary electrons.

Figure 2.6. Flow of electrons from the excited, negatively-charged filament through the positively charged anode.
Adapted from [2.6].
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Figure 2.7. The electromagnetic lenses used to condense and focus the electron beam.
Adapted from [2.6].
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Figure 2.8. The image collection system for secondary electrons.
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Adapted from [2.6].

58
At Mississippi State University, a special modification to the standard scanning
electron microscope is used. In the standard scanning electron microscope, a filament is
heated, “burning off” the electrons. In field-emission scanning electron microscopy, a
crystal tungsten wire with a very sharp point, instead of a filament, is used [2.6]. The
electrons are drawn out of the point by an electrical field, using an emission voltage of
between 3 and 6 kV, as compared to the 10 – 50 kV used in a standard SEM [2.6].
Instead of one anode that helps create the accelerating voltage in a standard SEM, two
anodes create the accelerating voltage in a field-emission SEM [2.6]. Figure 2.9 shows
how the anodes work in a field-emission SEM.
As with the standard SEM, following the refinement of the anodes, the electron
beam then passes through a series of electromagnetic lenses before hitting the specimen
stage [2.6]. The secondary electrons, which are released, are collected, converted to
photons, then converted to photoelectrons, and displayed on a screen, where the
brightness indicates places where the most secondary electrons were emitted [2.6].

Figure 2.9. The electrical field produced in a field-emission SEM.
Adapted from [2.6].
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Field-emission SEM is more desirable than standard SEM for several reasons.
First, the number of secondary electrons that can be detected and the resulting brightness
that can be displayed is 103 to 104 A/cm2*ster times greater [2.6]. Second, the operating
life for a field-emission SEM is more than 10 times that of the standard SEM [2.6].
Third, the spot diameter for a field-emission SEM is around 2 nm, while the theoretical
spot diameter for a standard SEM is 4 – 8 nm [2.6]. While the machine cannot scan at 2
nm because the beam is teardrop shaped and not a single point, the smaller size does
result in much higher resolution of the scanning location [2.6]. The one major
disadvantage of field-emission SEM, however, is that the crystal tungsten wire requires
an ultra-high vacuum, which is often incompatible with the specimens used in the
microscope [2.6]. This issue was addressed through the use of ultra-high vacuum pumps
in the gun chamber, which is shut off from the main chamber when samples are being
loaded and unloaded, and turbo pumps, which maintain the pressure in the main chamber
[2.6]. The gun chamber is opened to the main chamber only when the pressure within the
main chamber has reached acceptable levels. Figure 2.13 shows a comparison between
the standard SEM (a) and the field-emission SEM (b).
2.4.3 Nano-Indentation
Nano-indentation is a method to determine several properties of films. It is
commonly used on thin films as a way to reduce, or remove, the effects of the underlying
substrate, as the original hardness testers did not produce small enough indentations to
account for just the overlying film. When using nano-indentation, the sample is loaded
into the nano-indenter and locations for indentation are chosen using an optical
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microscope [2.7]. Once the locations and parameters have been set, the machine is
isolated to allow for a closed system [2.7]. Vibrations and temperature changes are
minimized in order to obtain accurate data [2.7]. At Oak Ridge National Laboratory, the
room temperature is maintained within ± 0.2oC. The nano-indenter is placed on a high
performance table to minimize vibrations [2.7]. This allows for resistance to the slight
vibrations from the surrounding environment [2.7]. Once the machine is isolated, a load
is applied to the sample through the use of an electrical current passing through a coil that
sits within a circular magnet [2.7]. The indenter is pressed into the surface and the data is
gathered by a series of three capacitors in the shape of circular disks [2.7]. Two of the
three capacitors are attached to the outside of the machine head with a hole in the middle
to accommodate the indenter shaft, while the third is attached to the indenter shaft [2.7].
As the indenter is pressed into the surface, the third capacitor moves with the shaft [2.7].
The difference in voltage between the center plate and one of the two outside capacitors
is used to determine the position of the indenter, or the displacement into the surface
[2.7]. Figure 2.10 shows the arrangement of the nano-indentation capacitors from the
side and also the design of a fixed capacitor.
Nano-indentation can be used to determine the elastic modulus and hardness of a
film. These values are calculated from the stiffness value, which is determined using the
load applied to the surface and the displacement into the surface [2.7]. Based on this
method, the elastic modulus and the hardness of the film can only be calculated when the
load is removed or unloaded [2.7]. The inability to calculate the stiffness except during
unloading is a problem for two reasons. The first reason is that the film may not be
sufficiently thick and one would be unable to determine if the substrate properties were
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included in the calculations when the load is removed [2.7]. Secondly, without the ability
to calculate the stiffness except during unloading, the user would be unable to determine
if the film properties change as a function of surface penetration [2.7].

Figure 2.10. The Nano-Indenter XP’s arrangement of capacitors.
(a) A side view of the discs. (b) A top view of a fixed disc. Adapted from [2.7].
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In order to allow for changes due to either the substrate or the depth of
penetration, a different method of gathering data is used. The continuous stiffness
measurement (CSM) is a method used to gather information about the film behavior as
the nano-indenter is being pressed into the surface. Using CSM, the nano-indenter is
pressed into the surface and then a small oscillation is applied [2.8]. This small
oscillation of around 2 nm for the Nano-Indenter XP, is enough of a load removal to
allow for the calculation of stiffness throughout the entire penetration of the film [2.8].
With CSM, the user can obtain the elastic modulus and the hardness as a continuous
function of film penetration [2.8]. This continuous collection of data allows the user to
see the interaction between the substrate and the film if it exists. It also allows the user to
determine if the film properties change as a function of depth or are time-dependent, two
very important qualities when examining polymer films [2.8].
2.4.4 Scratch Testing
Scratch testing is a method to determine the reaction of the film to a stress. The
equipment and procedure are the same with scratch testing as it is with nano-indentation.
The positions are chosen with an optical microscope, an applied load and a constant
strain rate are used, and vibrations and temperature changes are minimized [2.7]. As with
nano-indentation, a load is applied to the sample by passing an electrical current through
a coil in the magnet, with displacement measured by the change in voltage between the
three capacitors [2.7]. Unlike nano-indentation, however, a drag velocity is specified
[2.9]. A scratch is produced by moving the X – Y table at the specified drag velocity.
Figure 2.10 shows the arrangement of the magnet and capacitors, while Figure 2.14
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shows a schematic of the nano-indenter. Information can then be gathered about the
film’s deformation behavior and adhesion to the substrate from the resulting scratch [2.9].
Deformation of materials can occur in one of three ways: elastic – plastic,
fracture, or visco – elastic [2.9]. For elastic – plastic behavior, the scratch produced is a
groove with two lateral pile-up pads and the scratch looks exactly the same for the entire
length [2.9]. For fracture behavior, pieces of the film are chipped out of the surface and
cracks along the scratch may also occur [2.9]. Unlike elastic – plastic behavior, the
scratch produced during fracture is very irregular and varies in appearance along the
entire length of the scratch [2.9]. A scratch produced when the film is visco – elastic
should be examined over an extended time period [2.9]. The scratch originally looks like
that of an elastic – plastic scratch, with a deep grove and pile – up pads [2.9]. However,
as time progresses, the groove produced by the scratch is filled by the pile – up pads
moving back into place [2.9]. The type of deformation behavior is based on the type of
film being investigated. For example, soft bulk metals will often deform in an
elastic – plastic manner, while hard thin films, such as oxides, will fracture almost
immediately due to their brittle nature [2.9].
Adhesion can be determined only if the film is separated from the substrate
[2.10]. This allows the user to determine how much shear force is required to remove the
film, which is necessary in this research to determine if the forces used in positioning an
implant exceed the forces which the film can withstand. Also, the type of bonding, such
as covalent, ionic, or hydrogen, affects how strongly the film is adhered and can be
determined from scratch testing [2.11]. However, determination of adhesion and bond
type both require that the film become separated from the substrate during testing.
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2.4.5 Atomic Force Microscopy
AFM is a method used to determine the topography of surfaces. It is commonly
used on films, specifically thin films, to determine if the method of applying the film
results in a smooth surface or a rough surface [2.12]. When using AFM, a sample is
loaded into the machine and locations are found using an optical microscope [2.12].
Once the locations and parameters, such as scan size and scan speed, have been set, the
machine is then allowed to collect data [2.12]. A cantilever, with a very fine tip, moves
across the surface of the sample [2.12]. A laser is aimed at a mirror on the top of
cantilever [2.12]. As the cantilever tip encounters either valleys or peaks in the film, the
cantilever bends slightly [2.12]. This bend is registered and analyzed by the computer
software and displayed on a monitor [2.12]. Generally, brighter areas indicate peaks,
while darker areas indicate valleys [2.12].
2.4.6 Bulk Adhesion
Bulk adhesion measurements are used to determine the bond strength of a film to
a surface. In this research, bulk adhesion measurements are used to determine the bond
strength of the chitosan film to one of the four treatment methods on commercially pure
titanium grade 4. When using bulk adhesion, an aluminum cylindrical pin, with a
diameter of 12.522 mm and a length of 26.254 mm, is glued to the film surface using
Loctite Prism 454 Instant Gel Adhesive. The glue is allowed to cure for 24 hours before
being placed in the machine. A tensile force is applied to the pin, causing stress to the
glue and to the film. When the maximum load has been reached, a fracture will occur.
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This fracture can take place in one of three locations: within the glue, within the
film, or between the substrate surface and the film [2.13]. The fracture location allows
the researcher to establish a lower number for the bond strength between the film and the
substrate [2.13]. If the fracture occurs within the glue, then the researcher knows that the
bond strength between the film and the substrate is greater than the bond strength of the
glue [2.13]. If the fracture occurs within the film, then the researcher knows that the
bond strength between the film and the substrate is greater than the bond strength of the
glue, but the bond strength between film molecules is not as great as the bond strength of
the glue [2.13]. Finally, if the fracture occurs between the substrate and the film, then the
researcher knows that the bond strength between the film and the substrate is less than the
bond strength of the glue [2.13].
2.4.7 Contact Angle
Contact angle measurements are used to determine the wetting of a solid by a
liquid. It is commonly used on films to determine the nature of the film’s interaction
with water, an indication of the hydrophilic or hydrophobic nature of the film [2.14].
When using the contact angle instrument, locations are chosen by hand, without the
assistance of a microscope. The camera is focused on the tip of the syringe, so the
sample is moved in front of the camera until the surface becomes focused. Once the
sample surface is focused, a drop of liquid is released from the syringe; the surface and
the liquid are allowed to equilibrate before a picture is taken. After the picture of the
drop is taken, software is used to analyze the angle that is formed between the liquid
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droplet and the surface, allowing the researcher to determine if the film is hydrophobic or
hydrophilic.
Contact angle measurements allow the user to determine the wettability of the
surface [2.14]. The angle formed between the surface of the material and the liquid drop
results from a balancing of two major forces: the cohesive force of liquid molecules
attracted to each other and the adhesive force of liquid molecules attracted to the
molecules at the surface of the material [2.14]. When the attraction between the surface
molecules and the liquid molecules is stronger than the attraction between liquid
molecules, the material is considered wettable. A contact angle less than 90o results and
the surface is considered hydrophilic [2.15]. When the attraction between the surface
molecules and the liquid molecules is weaker than the attraction between liquid
molecules, the material is considered non-wettable. A contact angle greater than 90o
results and the surface is considered hydrophobic [2.15]. Figure 2.11 demonstrates the
differences between a hydrophilic contact angle and a hydrophobic contact angle.
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Figure 2.11. The difference in contact angles.
(a) A hydrophilic surface and (b) A hydrophobic surface.
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2.5 Experimental Methodology
While the theory of the equipment used in this research has been explained
previously, the actual use of the equipment, with the parameters needed for repeatability
has not been given. The parameters used for this research, using each of the equipment
described, are given in the following section.
2.5.1 X-Ray Photoelectron Spectroscopy
A PHI 1600 XPS Surface Analysis System (Physical Electronics, Eden Prairie,
MN) incorporates a stainless steel chamber equipped with lead view ports in which to
energize the x-ray source and collect data. The instrument uses a PHI 10-360 spherical
capacitor energy analyzer to analyze the photoelectrons released from the sample surface.
An Omni Focus II small-area lens is used to focus the incident source to produce an 800
µm diameter surface analysis area. The data was obtained using an achromatic MgKα xray source operating at 300 W and 15 kV. Survey spectra were gathered using an
average of 10 scans with a pass energy of 26.95 eV and running from 1100 eV to 0 eV.
High-resolution spectra were gathered using an average of 15 scans with a pass energy of
23.5 eV and a step size of 0.1 eV. The incident sample angle was held constant at 45o.
The vacuum level for the reaction steps without the chitosan film was approximately
5x10-9 Torr, while the vacuum level for the chitosan film was approximately 3x10-8 Torr.
For statistical analysis, three samples per treatment were used and three spots per sample
were taken. Figure 2.12 shows a diagram of the PHI 1600 XPS machine.

71
2.5.2 Scanning Electron Microscopy
A JEOL JSM-6500F Field-Emission SEM (JEOL, Tokyo, Japan) incorporates a
vacuum chamber equipped with infrared to view the samples. The instrument uses a
cathode to produce an incident electron beam. An accelerating voltage of 1.0 kV was
used and a vacuum of approximately 5x10-4 Pa was maintained. Magnifications of 900X
and 1400X were used; an accelerating voltage any higher than 1.0 kV and magnifications
greater than 1400X would cause the rapid degradation of the film. For statistical
comparison, three samples per treatment were used and three spots per sample were
taken. Figure 2.13 shows a diagram of both the standard SEM (a) and the field-emission
SEM (b).
2.5.3 Nano-Indentation and Scratch Testing
Nano-Indentation and scratch testing were performed using a Nano-Indenter XP
(NANO Instrument, Oak Ridge, TN). The instrument uses a Berkovich diamond indenter
to produce triangle shaped indentation marks on the film surface. The instrument could
apply a maximum load of 500 mN and used a 0.05 1/s constant strain rate. A 30 second
hold time was used before the tip was removed from the sample. The maximum depth
obtained using 500 mN was 20 µm. The data was collected using continuous stiffness
measurement (CSM) and a Poisson’s ratio of 0.3 was used for the calculations performed.
For statistical analysis, three samples per treatment were used and three locations were
chosen per sample. Five indentation marks were then made per location, for a total of
fifteen indentations per sample. For scratch testing, a maximum load of 600 mN was
applied. The scratch was produced using a 10 µm/sec scratch velocity and the length of
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the scratch was set to 1000 µm. For statistical analysis, one sample per treatment was
used and one location was chosen per sample. Five scratch marks were then made for
each location. Figure 2.14 shows a schematic of the Nano-Indenter XP.
2.5.4 Atomic Force Microscopy
AFM was performed on a Park-M5AFM (Park Scientific Instruments, Sunnyvale,
CA). The data was collected using a constant contact mode. The scans of the indentation
marks were made using a scan size of 100 µm and a scan rate of 2.5 Hz. The scans of the
pile – up surrounding the indentation mark and the film surface were made using a scan
size of 25 µm and a scan rate of 1.5 Hz. The linearized displacement in the X and Y
direction was a minimum of 90 µm while the linearized displacement in the Z direction
was a maximum of 7.5 µm. For statistical comparison, three samples per treatment were
used and one location per indentation series was chosen, for a total of three comparisons
per sample. Figure 2.15 demonstrates how AFM data is collected.
2.5.5 Bulk Adhesion
An Instron 4465 (Instron Corporation, Norwood, MA) was loaded with the 5000
N load cell. Aluminum pins were glued to the film samples using Loctite Prism 454
Instant Gel Adhesive, placed under a load to ensure contact, and allowed to dry for 24
hours. The aluminum pins and samples were secured into the machine using a pin and
then lowered to the stage and secured. The software was set to automatically zero the
load at 5.0 N to ensure no compressive forces were included in the calculations. The
machine exerted tensile forces, under load control, until failure was reached. For
statistical analysis, three samples per treatment were used. To establish a baseline for the
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glue, six samples were used on titanium. Figure 2.16 illustrates the design of the Instron
4465 Tensile Tester, while Figure 2.17 demonstrates how the metal samples were held
down during the applied tensile load.
2.5.6 Contact Angle
A VCA Optima (AST Products, Inc., Billerica, MA) incorporates a syringe to
produce a drop of liquid. Infrared lights and a camera capture the interaction between the
liquid and the surface. The liquid used in these experiments was water, with a droplet
volume of 1.0 µL. The picture of the water drop on the surface was taken after ten
seconds to ensure that any spreading of the water across of the film surface had occurred.
For statistical analysis, three samples per treatment were used and three locations were
chosen per sample. Figure 2.18 demonstrates how data is collected for contact angle
measurements.
2.5.7 Software
The XPS data was collected and averaged using PHI Surface Analysis Software,
Version 3.0 (Physical Electronics, Eden Prairie, MN). The XPS data was then analyzed
using the Spectral Data Processor (SDP), Version 4.0 (XPS International LLC, Mountain
View, CA). The SEM pictures were taken using JEOL PC-SEM 3.5 (JEOL USA, Inc.,
Peabody, MA). The nano-indentation data and the scratch testing data were collected and
analyzed using TestWorks, Version 4.0 (NTS Nanoinstruments, Oak Ridge, TN). The
AFM pictures were taken and analyzed using ProScan Data Acquisition (Sunnyvale,
CA). The Instron 4465 was controlled and measurements were taken using Bluehill,
Version 2.0 (Instron Corporation, Norwood, MA). Contact angle pictures were taken and
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measurements were made using VCA Optima XE (AST Products, Inc., Billerica, MA).
Statistical analysis was performed using SAS, Version 9.1 (SAS Institute Inc., Cary, NC).
Comparison of the individual reaction steps was performed using completely randomized
design with subsampling while the comparison of the final films was performed using
completely randomized design with a 22 factorial arrangement of treatments with
subsampling.

Figure 2.12. Diagram of the PHI 1600 XPS machine.
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Adapted from [2.3].

Figure 2.13. Diagram of the two types of SEM machines.
(a) Standard SEM machine (b) Field Emission SEM machine. Adapted from [2.6].
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Figure 2.14. Schematic of the Nano-Indenter XP.
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Adapted from [2.9].

Figure 2.15. Schematic of AFM.
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The laser beam is indicated by a dashed line. Adapted from [2.12].

Figure 2.16. Schematic of the Instron 4465 Tensile Tester.
79

Figure 2.17. Close-up of the sample secured during tensile load testing.
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Figure 2.18. Schematic of the VCA Optima used to obtain contact angle readings.
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2.6 Summary
The experimental methods used to collect data for this research were extremely
varied. However, each of the methods used provided information about the film. XPS
was used to provide information about the reaction series and binding the film to the
metal substrate. SEM, AFM, bulk adhesion, and contact angles were used to provide
information about the surface of the film, including appearance, roughness, reaction to
stress, and wettability. Nano-indentation was used to provide information about surface
properties, such as hardness and elastic modulus, and scratch testing was used to provide
information about film behavior and adhesion properties. Using these methods, a
thorough characterization of the films produced from the two metal treatments and two
silane compounds was possible.

CHAPTER III
CHEMICAL ANALYSIS OF ISOCYANATOPROPYLTRIETHOXYSILANE
3.1 Introduction
Silanation reactions are commonly used to bind coatings to implant quality metals
[3.1 – 3.3]. An initial reaction series was chosen that would allow chitosan to bind to
commercially pure titanium grade 4. X-Ray Photoelectron Spectroscopy (XPS) was then
used to document the surface reaction(s) occurring in each step.
3.2 Anticipated Surface Reaction
A published reaction series was initially used to bond chitosan to commercially
pure titanium grade four [3.28]. The passivation metal treatment protocol was given in
Chapter 2, Section 3.2, while the silane protocol was given in Chapter 2, Section 3.3.1.
For each reaction step, one sample per metal treatment and five spots per sample were
examined and the statistical analysis was performed using completely randomized design.
Changes in the amount of several chemical species on the reaction surfaces will
indicate that the reactions are proceeding as anticipated. In order to bond silane
molecules to the titanium surface, the presence of the highly reactive TiO species on the
metal surface is preferred; the presence of the non-reactive TiO2 is not desired.
Following the reaction between the silane molecule and the titanium surface, a decrease
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in the presence of TiO is expected. This occurs because the silane molecule binds to the
TiO, and less of the titanium is now being probed due to the overlying silane layer, which
prevents the release and detection of photoelectrons.
The presence of any silicon – oxygen compounds following the reaction between
the silane molecule and titanium surface is advantageous, as this shows that the silane did
bind to the metal surface. The presence of SiO indicates that the Si – O – C bond present
in the silane is still occurring following the reaction with the surface, while the presence
of SiO3 indicates that the silane molecules are reacting with adjacent silane molecules to
form a polysiloxane group that helps stabilize the silane molecules.
The presence of terminal end groups is also expected. The
isocyanatopropyltriethoxysilane should produce a terminal group with nitrogen present,
specifically a group containing C = N = O. The presence of this group would indicate
that the silane molecule is binding to the titanium surface correctly, and that micelles,
which may have formed during silane deposition, are not present. Therefore, changes in
the amount of the TiO, SiO, SiO3, and C = N = O peaks will allow us to determine if the
reactions are occurring as anticipated.
3.3 Results
In order to determine the surface chemistry that occurred during each reaction
step, XPS was performed. For each reaction step, survey scans were taken at five
different locations. Following the survey scans, high resolution scans were taken of the
major elements identified during the survey scans. The data gathered from running XPS
must be analyzed to determine the elements and compounds present on the surface of the
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material. The peak area of each of the functional groups is calculated by integrating the
area underneath the peaks. For survey scans, the percentage is calculated by the
following equation, where r is the number of elements present in the survey, I is the
intensity of the elements, and S is the sensitivity factor that is dependent on the element:
 I
 A
S
A% =  1 A
 Ir
∑ S
r
 r



 * 100




(3.1)

For high resolution scans, the percentage is calculated by the following equation, where r
is the number of compound peaks present underneath the elemental peak and C is the
composition of the peak:


C
A% =  1 A

 ∑ Cr
 r



 * 100




(3.2)

As one can see from the equations, especially for the high-resolution calculation,
percentage is based not only on the area under each peak, but also, the number of peaks.
If an element or chemical peak were missing, the percentage calculation would not be an
accurate comparison between each of the reaction steps. In order to prevent erroneous
comparisons, the statistical analysis was performed on both the peak areas and the
percentages gathered from the XPS analysis. The statistical analysis for the peak areas
and the percentages was then compared to determine if the trends present were similar or
different.
The means and standard deviations of the five different elements for each of the
reaction steps are shown in Table 3.1. Only two elements showed a significant change
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based on the survey scans. Nitrogen, which was present in very small amounts on the
passivated metal, increased significantly from 1 ± 1 % to 20 ± 1 % following reaction
step 1, but did not significantly increase following reaction step 2. Silicon also increased
significantly from 4 ± 1 % to 10 ± 1 % following reaction step 1 but returned to the
original percentage of 4 ± 1 % following reaction step 2. Figure 3.1 shows the
representative survey scans for each of the reaction steps. One can see that no change
existed for the carbon, oxygen, and titanium peaks, while change did occur for the
nitrogen and silicon peaks.
Following the survey scans, high-resolution scans of each of the elements were
run and the chemicals present were identified. The means and standard deviations of the
carbon peaks for each of the reaction steps are shown in Table 3.2, while the means and
standard deviations of the nitrogen peaks are shown in Table 3.3. Table 3.4 displays the
percentage means and standard deviations of the oxygen peaks, while Table 3.5 displays
the functional group peak areas means and standard deviations. The percentage means
and standard deviations of silicon are displayed in Table 3.6, while the functional group
peak areas means and standard deviations are displayed in Table 3.7. Finally, the
percentage means and standard deviations of the titanium peaks are shown in Table 3.8,
while the functional group peak areas means and standard deviations are shown in Table
3.9.

Table 3.1. Elemental percentage based on XPS survey scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

Carbon
44 ± 2a %
44 ± 1a %
43 ± 2a %

Nitrogen
1±1%
20 ± 1b %
22 ± 1b %

Oxygen
40 ± 2c %
37 ± 2c %
41 ± 2c %

Silicon
4 ± 1d %
10 ± 1 %
4 ± 1d %

Titanium
9 ± 2e %
5 ± 1e %
6 ± 1e %

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 3.1. Representative survey scans of commercially pure titanium grade 4 following treatment.
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(a) Passivation, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.
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Of the six different carbon compounds found on the surface of the
isocyanatopropyltriethoxysilane reaction series, only two compounds were statistically
unchanged through the reaction series: the hydrocarbon percentage and the O = C = O
group. Elemental carbon was reduced from reaction step 1 to reaction step 2, as were the
C – OH groups and the C = O groups. The COOH groups, when present, were not
statistically different; however, COOH did not appear following reaction step 1. Figure
3.2 shows the changes occurred from the passivated metal through reaction step 1 to
reaction step 2. The functional group peak areas numbers were examined and no trends
were different as compared to the percentage trends.
The passivated metal did not indicate that nitrogen was present in any detectable
form on the surface. While the survey scan indicated that 1 ± 1% existed, the intensity of
the high-resolution scans was not enough to allow for accurate analysis. The peaks that
were present following the other two steps of the reaction series were not statistically
different. The changes that occurred in the nitrogen element between the reaction steps
are shown in Figure 3.3. The functional group peak areas numbers were examined and
no peak area trends were different as compared to the percentage trends.

Table 3.2. Carbon functional group percentages based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

C [3.4]
284.6 ± 0.1 eV
27 ± 6a %
28 ± 5a %
9±3%

C-C [3.5]
285.4 ± 0.1 eV
46 ± 5b %
42 ± 3b %
37 ± 3b %

C-OH [3.6]
286.5 ± 0.1 eV
17 ± 1c %
17 ± 2c %
25 ± 3 %

C=O [3.7]
287.7 ± 0.2 eV
6 ± 1d %
7 ± 1d %
15 ± 1 %

COOH [3.8]
288.7 ± 0.3 eV
8 ± 1e %
--8 ± 1e %

COO [3.9]
289.4 ± 0.3 eV
7 ± 1f %
6 ± 1f %
8 ± 1f %

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 3.2. Representative carbon high resolution scans of commercially pure titanium grade 4 after treatment.
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(a) Passivated, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.

Table 3.3. Nitrogen functional group percentages based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

N=C=O [3.10]
399.4 ± 0.2 eV
--36 ± 6a %
26 ± 1a %

NO [3.11]
400.5 ± 0.2 eV
--45 ± 5b %
50 ± 4b %

CN [3.12]
401.6 ± 0.2 eV
--24 ± 2c %
29 ± 2c %

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 3.3. Representative nitrogen high resolution scans of commercially pure titanium grade 4 after treatment.
(a) Passivated, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.
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The oxygen peaks produced during the different reaction steps may or may not
vary, depending on the functional group peak areas. Based on percentage, the TiO2, TiO,
and CO peaks varied between the passivated metal and reaction step 1, but did not vary
between reaction step 1 and reaction step 2. However, these peaks were examined based
on peak area, as well as percentage, because the SiOx peak was missing for the passivated
step. Based on peak area, the TiO2 peak did not vary based on the reaction. The TiO
peak showed a significant decrease from the passivated metal to reaction step 1, but a
significant increase from reaction step 1 to reaction step 2, back to being statistically
identical to the passivated metal. The CO peak was the only peak that showed a
difference between the passivated metal and reaction step 1, but no change was seen
between reaction step 1 and reaction step 2. The SiO peak showed a significant increase,
both in peak area and in percentage, from the passivated metal to reaction step 1 and a
significant decrease from reaction step 1 to reaction step 2; for the SiO peak, the
difference between the passivated metal and reaction step 2 was statistically insignificant.
The SiOx peak did not appear on the passivated metal, but did appear following reaction
step 1 and reaction step 2. Based on peak area, it showed a statistically significant
increase from reaction step 1 to reaction step 2. The oxygen peak and the changes that
occurred during each reaction step are shown in Figure 3.4.

Table 3.4. Oxygen functional group percentages based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

TiO2 [3.13]
530.2 ± 0.3 eV
43 ± 4a %
33 ± 3b %
35 ± 2a,b %

TiO [3.14]
531.2 ± 0.4 eV
22 ± 1 %
18 ± 1c %
19 ± 1c %

SiO [3.15]
532.3 ± 0.3 eV
20 ± 2d %
28 ± 3 %
21 ± 1d %

CO [3.16]
533.3 ± 0.3 eV
8±1 %
16 ± 2e %
18 ± 2e %

SiOx [3.17]
534.4 ± 0.4 eV
--5 ± 1f %
7 ± 1f %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 3.5. Oxygen functional group peak areas based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

TiO2 [3.13]
530.2 ± 0.3 eV
5460 ± 600a
4240 ± 570a
4670 ± 350a

TiO [3.14]
531.2 ± 0.4 eV
2900 ± 220b
2280 ± 50c
2550 ± 180b,c

SiO [3.15]
532.3 ± 0.3 eV
2540 ± 150d
3580 ± 260
2750 ± 160d

CO [3.16]
533.3 ± 0.3 eV
1070 ± 80
2090 ± 190e
2360 ± 240e

SiOx [3.17]
534.4 ± 0.4 eV
--660 ± 70
970 ± 100

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 3.4. Representative oxygen high resolution scans of commercially pure titanium grade 4 after treatment.
(a) Passivated, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.
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The silicon high-resolution peak showed two forms of silicon present on the
passivated metal, while a third form was added following reaction steps 1 and 2. Of the
three silicon compounds present, only one compound showed any statistically significant
change based on the percentage of each peak present; Si(III) was present in the highest
amount on the passivated metal, while significantly decreasing following reaction step 1.
However, since the SiOx peak was missing from the passivated metal, the silicon peak
area was also examined. Based on the peak area, Si(III) showed no significant change
from the passivated metal through reaction steps 1 and 2. When examining the
percentage, there was no significant change in the SiO peak between any of the reaction
steps; however, examining the peak area did indicate a change in the SiO peak from the
passivated metal to reaction step 1 followed by a change from reaction step 1 to reaction
step 2. Interestingly, there was no significant change in the SiO peak when comparing
the passivated metal with reaction step 2. Finally, there was no statistical difference,
either in percentage or peak area, of the SiOx peak that was present following reaction
step 1. Figure 3.5 shows the differences in the silicon peaks between the different
reaction steps.

Table 3.6. Silicon functional group percentages based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

Si (III) [3.18]
101.6 ± 0.3 eV
48 ± 2 %
22 ± 8a %
23a* %

Si-O [3.19]
102.5 ± 0.3 eV
64 ± 12b %
48 ± 6b %
54 ± 4b %

SiOx [3.20]
103.5 ± 0.4 eV
--41 ± 12c %
63 ± 16c %

Values with the same superscript are not statistically different at the 5% significance level.
* Only one observation at given binding energy.
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Table 3.7. Silicon functional group peak areas based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

Si (III) [3.18]
101.6 ± 0.3 eV
170 ± 0a
170 ± 60a
230a*

Si-O [3.19]
102.5 ± 0.3 eV
220 ± 30b
610 ± 120c
330 ± 30b,c

SiOx [3.20]
103.5 ± 0.4 eV
--450 ± 140d
210 ± 30d

Values with the same superscript are not statistically different at the 5% significance level.
* Only one observation at given binding energy.
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Figure 3.5. Representative silicon high resolution scans of commercially pure titanium grade 4 after treatment.
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(a) Passivated, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.
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The titanium peak contained three different chemical compounds, of which only
one did not vary statistically when examining the percentages. Based on percentage,
TiOH, TiO and TiO2 did not vary between the passivated metal and reaction step 1.
However, when looking at reaction step 2, the TiOH peak has completely disappeared.
Therefore, the titanium peak area must be examined. Based on peak area, the TiOH peak
did not vary between the passivated metal and reaction step 1. However, by examining
the peak area, the TiO peak did decrease significantly from the passivated metal to
reaction step 1, while staying statistically the same following reaction step 2. The TiO2
peak also decreased significantly from the passivated metal to reaction step 1; however,
the TiO2 peak then increased significantly from reaction step 1 to reaction step 2,
reaching a statistically insignificant change between the passivated metal and reaction
step 2. The titanium peak and the chemicals present are shown in Figure 3.6.

Table 3.8. Titanium functional group percentages based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

TiOH [3.21]
457.8 ± 0.2 eV
14 ± 3a %
21 ± 2a %
---

TiO [3.22]
458.7 ± 0.2 eV
71 ± 3b %
72 ± 1b %
63 ± 6b %

TiO2 [3.23]
459.6 ± 0.271 eV
23 ± 6c,d %
15 ± 5d %
44 ± 10c %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 3.9. Titanium functional group peak areas based on XPS high resolution scans.
Reaction Step
Passivated
Silane
Gluteraldehyde

TiOH [3.21]
457.8 ± 0.2 eV
110 ± 320a
80 ± 90a
---

TiO [3.22]
458.7 ± 0.2 eV
4960 ± 390
3400 ± 440b
3150 ± 330b

TiO2 [3.23]
459.6 ± 0.3 eV
1580 ± 400c,d
790 ± 300d
230 ± 680c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 3.6. Representative titanium high resolution scans of commercially pure titanium, grade 4 after treatment.
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(a) Passivated, (b) Isocyanatopropyltriethoxysilane, and (c) Gluteraldehyde.
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3.4 Discussion
In the anticipated reaction pathway, the metal is first passivated and an oxide
layer that covers the surface is formed. Following the passivation reaction,
isocyanatopropyltriethoxysilane bonds to the titanium hydroxyl groups present on the
surface of the metal; gluteraldehyde then bonds to the terminal group. Finally, the
chitosan film attaches to the terminal group of the gluteraldehyde molecule. Five
elements are present in the reaction and these elements should change as each step of the
reaction proceeds.
XPS is a surface sensitive technique that allows a user to examine the top layers
of a material. This surface analysis allows one to determine if the desired reaction is
occurring in a step – wise manner. Because XPS can only penetrate the surface 5 – 100
Angstroms, certain elements will become “hidden” from the x-ray beam as the reaction
occurs. Also, XPS can be used to determine the chemical compounds present, as the
binding energies of the compounds are different. For example, when looking at the
carbon peak on a survey scan, the binding energy appears to be 285. However, upon
examining that same carbon peak using high-resolution, one can see that the carbon peak
contains a range of binding energies, starting at 282.8 eV and continuing to 290.8 eV, as
shown in Figure 3.2. The high-resolution peak then contains all of the compounds, which
contain that element and appear within the top 5 – 100 Angstroms. Carbon, for example,
contains up to five different compounds with binding energies contained with the range
of 282.8 and 290.8 eV.
Using XPS, changes in the nitrogen and silicon peaks occur, as shown in Table
3.1 and Figure 3.1. However, no change occurs based on the survey scans for the carbon,
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oxygen, and titanium peaks. While two elements do change based on the survey scans
indicating a reaction may be proceeding, the lack of change in three of the elements is
alarming. Furthermore, the chitosan films could not be examined using XPS, as the films
did not stay attached in the ultra-high vacuum system. The lack of film attachment
indicates that at least one reaction step is not occurring as anticipated. XPS was used to
determine what reactions were occurring and where problems with the anticipated
reaction pathway existed.
The bonding of films to a surface through the use of triethoxysilanes can present
several major problems, two of which are the result of water in the system. Based on the
Material Safety Data Sheet (MSDS), triethoxysilanes should not come in contact with
water as this removes the terminal group in the form of a gas, such as hydrogen cyanide
and nitrogen oxides [3.24]. Also, the presence of water combines with the triethoxysilane
groups to form polysiloxanes, which do not allow the binding of the silane to the metal
surface [3.25-3.27]. The third problem, and the first not related to water in the solution,
is the result of the time that the metal samples spend in the silane solution during reaction
step 1. A review of silane literature recommends allowing the substrate to sit in the
silane solution for an extended period of time to promote the formation of a tightly
packed monolayer. The procedure used placed the metal samples in the stirred silane
solution for ten minutes, which did not allow for the proper formation of the silane
monolayer [3.26]. A fourth problem arises based on the attraction of the terminal groups.
The N = C = O group that is present on the end of isocyanatopropyltriethoxysilane may
form micelles with the oxygens grouping together from either the N = C = O bonds or the
O – Si bonds. These possibly formed micelles must be disrupted using sonication, which
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was not performed on these samples. Without this disruption, the gluteraldehyde in
reaction step 2 would be unable to reach the reactive terminal groups.
Each of the five elements present should show major changes with respect to the
different chemical compounds present. These changes could be an increase or decrease
in a certain compound or the conversion of one compound to a different compound. Our
XPS results suggest that the reactions steps as outlined in Chapter 2, Figure 2.2 did not
occur.
To begin with, a significant increase in the hydrocarbon peaks should be present if
reaction steps 1 and 2 occur on the surface. Reaction step 1 introduced a propyl group,
while reaction step 2 introduced a pentyl group. These two reactions should result in a
net increase in the hydrocarbon group. However, no significant change was observed
from the passivated metal through reaction step 2. The smaller C = O peak does increase
from reaction step 1 to reaction step 2. This increase should occur as the two reaction
steps proceed. During reaction step 2, the = C = O group is removed from the nitrogen
present in the isocyanatopropyltriethoxysilane. Following the = C = O group’s removal,
the gluteraldehyde can bond to the nitrogen; the C = O peak would then increase, since
the terminal group of gluteraldehyde is C = O. An increase in the C – OH peak is also
seen from reaction step 1 to reaction step 2. Since gluteraldehyde is added to water, the
reaction of the C = O group of gluteraldehyde to C – OH is expected. The COOH peak is
present on the passivated metal, but does not appear on the surface following reaction
step 1. However, the COOH peak does reappear following reaction step 2. This would
indicate that the silane attempted to bond to the COOH present on the metal and was
subsequently removed during reaction step 2. The COO peak does not change through
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any of the reaction series. This would indicate that no reaction could take place with this
group on the metal surface. The carbon peaks that should change based on the reaction
include the hydrocarbon group and the C = O group. While the C = O group does
change, slightly, the hydrocarbon group does not change at all.
Changes to the nitrogen surface species as measured by XPS were also not
observed. Based on the anticipated reaction, the terminal group N = C = O should
change to N during reaction step 2. However, as shown in Table 3.3 and Figure 3.3, no
change occurs in the N = C = O group. This indicates that no reaction is occurring
between isocyanatopropyltriethoxysilane and gluteraldehyde. Also, no change occurs in
the N = O group between reaction steps 1 and 2. Finally, the only group that would allow
for the binding of gluteraldehyde to the terminal group of the silane is CN, but that also
does not change between reaction steps 1 and 2. The lack of change in the nitrogen
surface species indicates that the terminal N = C = O groups still present following the
addition of water do not convert to form terminal N groups following the addition of
gluteraldehyde; without this conversion, no reaction can occur during reaction step 2.
The few CN groups that do exist do not change following the addition of gluteraldehyde,
also indicating that the anticipated reaction is not occurring.
Using data gathered from XPS, expected changes in the oxygen surface species
were not observed. The TiO peak should change as the reactions occur. The passivated
metal should have a small amount of TiO, which should then increase following reaction
step 2, where Ti – OH is converted to TiO. After the gluteraldehyde reaction, the TiO
peaks should be much smaller, as the isocyanatopropyltriethoxysilane – gluteraldehyde
complex should cover the TiO signature. Instead, the TiO peak remains statistically the
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same throughout the reaction series. The TiO2 species does not change during any of the
reaction steps, from the passivated metal to reaction step 1 or to reaction step 2. This is
expected, as TiO2 does not have a role to play in the binding of silane to the surface.
Since TiO2 makes up a majority of the surface, very little silane would be able to bind to
the surface. The SiO peak shows a dramatic increase from the passivated metal to
reaction step 1, as is expected. However, the SiO peak then shows a dramatic decrease
following reaction step 2, which occurs because the silane is not properly bonded to the
metal surface and micelles may also be present. The solution involved in reaction step 2
removes both the weakly bound silane and the possible micelles, thereby reducing the
amount of SiO. The CO peak shows a significant increase from the passivated metal to
reaction step 1. This is due to the addition of the isocyanato group from the silane.
However, no change occurs between reaction step 1 and reaction step 2, due to the lack of
bonding between the reactive terminal group on the silane and gluteraldehyde. Finally,
the SiOx peak shows a significant increase from the passivated metal, where it was not
present, to reaction step 1. Because water is in the system, the existence of the SiOx peak
indicates that polysiloxanes may have formed. The increase between reaction steps 1 and
2 further shows that polysiloxane formation occurred as a higher amount of water was
introduced into the system, in the form of the aqueous gluteraldehyde solution.
The silicon peaks should show the most dramatic changes through the entire
reaction series and give a strong indication of the actual surface chemistry. The survey
scans, as shown in Table 3.1 and Figure 3.1, show change occurring in the amount of
silicon present following reaction step 1. However, the survey scan indicates that
following reaction step 2, the amount of silicon is the same for both the passivated metal
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and reaction step 2. This drop in silicon is possibly due to the micelle formation
surrounding the N = C = O groups. Once the metals were added to the solution for
reaction step 2, and stirring took place, if micelles were present, they were broken up,
removing large quantities of the silicon that was present. Since this took place in water,
the removal of the terminal groups was also possible. Si(III) is the major peak of silicon
present on the passivated metal and is due to the silicon dioxide sand paper used for
polishing. Si(III) remains unchanged as a function of peak area, which indicates that the
Si(III) is not removed in any of the reaction steps. SiO does vary from the passivated
metal to reaction step 1 and from reaction step 2 to reaction step 3. However, the
passivated metal and reaction step 2 are considered statistically equivalent. The SiO
present following passivation is the result of the silicon from the sand paper reacting with
one of the solvents used in the passivation of the metal. The SiO present from reaction
step 1 is the result of the triethoxysilane groups present in
isocyanatopropyltriethoxysilane, while the SiO groups present following reaction step 2
is the result of the lack of binding between the N group of the
isocyanatopropyltriethoxysilane and gluteraldehyde. SiOx, which is present following
both reaction steps 1 and 2, is the result of the triethoxysilane groups reacting with water
to form polysiloxanes. Since these groups will react with themselves, the removal of the
isocyanatopropyl group can occur. These groups then react with the titanium substrate,
forming a polysiloxane layer without the ability to bind gluteraldehyde.
The titanium peak should show a statistically significant decrease through each
step of the reaction series and would indicate that a film is growing on the surface.
Because XPS can only reach a depth of up to 100 Angstroms, the titanium peak would be
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reduced as reaction step 1 followed by reaction step 2 created the gluteraldehyde –
isocyanatopropyltriethoxysilane – titanium complex. Since no change is seen in the
survey scans, there are strong indications that only a very small reaction is occurring, if,
in fact, a reaction is actually occurring. When looking at the high-resolution scan results,
one sees a very small amount of Ti – OH present. Since reaction step 1 requires an OH
ending group to bond the silane, this is the first step to the reaction. Without a large
amount of Ti – OH present, only a small silanation reaction could occur. Following the
silanation reaction, the same amount of Ti – OH is present, which indicates that only a
slight reaction occurred, as the Ti – OH group would be converted to TiO. The TiO peak,
according the percentage, is not changed through any of the reaction series. However,
the peak area does indicate that the TiO peak is the largest for the passivated metal. The
TiO peak is statistically the same for reaction steps 1 and 2. If a major reaction was
occurring, the TiO peak should be much larger following reaction step 1, and would
almost disappear following reaction step 2, as the peak would be fully covered by the two
reactions. The TiO2 peak is present due to the passivation of the metal surface and is one
of several peaks that form the passive oxide layer, a desirable quality for implant quality
metals. While the TiO2 peak is reduced following reaction step 1, the peak returns to the
statistically identical percentage as the passivated metal following reaction step 2,
suggesting that reaction step 2 removed the isocyanatopropyltriethoxysilane that was
loosely attached to TiO2.
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3.5 XPS Supported Surface Reaction
The analysis of the data gathered from XPS indicates that the anticipated reaction
pathway is not occurring. The lack of Ti – OH on the surface of the substrate was the
first indication that a problem may occur with the reaction. Since the
isocyanatopropyltriethoxysilane could not bond in large amounts to the metal, there could
be no further film growth. During reaction step 1, small amounts of
isocyanatopropyltriethoxysilane would bind with the small amounts of Ti – OH present.
Water in the silane solution also created two problems. The water reacted with both the
reactive terminal group, releasing it as a gas, and with the triethoxysilane part of the
molecule, causing the formation of polysiloxanes. During reaction step 1, the terminal
groups were removed and polysiloxanes were formed. Finally, the possible formation of
micelles could be a major problem when using this method from previous research. The
possible formation of micelles prevented gluteraldehyde from reaching the reactive
terminal group, if it was still present, and thereby prevented a further reaction. During
reaction step 1, micelles may have been formed. During reaction step 2, the possible
micelles were removed, due to the stirring of the solution. Figure 3.7 shows the proposed
surface chemistry following reaction steps 1 and 2, based on the XPS data.
As one can see in Figure 3.7, there are very few open oxygens. Without the
oxygens available, the chitosan molecule cannot bind to the surface; the resulting
chitosan film could easily be removed when any stress, such as ultra-high vacuum, was
applied.
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Figure 3.7. XPS supported surface chemistry.
The surface following reaction 1 demonstrates the four major features present:
(a) the removal of the terminal group, (b) the presence of TiO2, (c) the creation of
polysiloxanes, and (d) the possible formation of micelles.
The surface following reaction 2 demonstrates the inability of gluteraldehyde to bond to
the silane molecule because of (e) the removal of the terminal group, (f) the creation of
polysiloxanes, and (g) the presence of the N = C = O group, with the removal of
polysiloxanes.
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3.6 Summary
Based on the XPS data, the theoretical reactions did not occur. Several problems
need to be addressed in order to produce the best quality film possible. The problems
include a lack of Ti – OH groups, removal of the reactive terminal groups, formation of
polysiloxanes, an inability to form a silane monolayer, possible formation of silane
micelles, and failure to remove the = C = O group, which does not allow the
gluteraldehyde to bond to the nitrogen group.
In order to address the lack of Ti – OH groups, the surface needs to be treated in a
manner that allows the creation of Ti – OH. Currently, passivation is the method to treat
the metal surface, which promotes the formation of a passive oxide layer and includes
TiO, TiO2, and Ti2O3. Two of these three titanium oxide complexes are extremely stable
and do not react. A metal treatment, such as the use of piranha, needs to be investigated
as a means to increase the amount of Ti – OH groups present on the surface of the metal.
The formation of polysiloxanes, removal of the terminal group, and inability to
form a silane monolayer can easily be addressed by the type of solution used and the
amount of time during which the samples are left in the silane solution. Instead of using
water as part of the silane solution, an organic solvent, such as toluene, is commonly used
in silanation reactions [3.5 – 3.7]. The removal of water, in the form of a different
solvent, will help prevent the formation of polysiloxanes and the removal of the terminal
group. It also allows the formation of a silane monolayer, as no competition for the
triethoxysilane groups occurs. Also, by increasing the time from ten minutes to
twenty – four hours, the chance to form a silane monolayer greatly increases.
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The fifth problem that needs to be addressed is the possible formation of micelles.
The previous research was performed without using sonication, so if micelles were
present, they were not removed or were removed during reaction step 2, which would not
allow for that reaction step to occur. By sonicating the samples multiple times in a clean
solvent, the micelles, which may have formed, would be disrupted.
Finally, the last problem to be addressed is the selection and use of the correct
silane. Since isocyanatopropyltriethoxysilane has an additional = C = O that prevents the
nitrogen group from bonding with the gluteraldehyde group, it is recommended that a
silane be chosen which removes the extraneous = C = O. Aminopropyltriethoxysilane is
commonly used in biomedical studies [3.25 – 3.27] and should serve well for this
research. Also, another silane should be chosen which removes the linker molecule. The
linker molecule provides for a longer chain, which could more easily be broken by
stressing the surface. Triethoxsilylbutyraldehyde is a silane that has a terminal aldehyde
group, which is the same group created by adding gluteraldehyde to the
aminopropyltriethoxysilane group. These two silanes, combined with the other
recommendations, should improve the adhesion and quality of the chitosan films on the
titanium surface.

CHAPTER IV
CHEMICAL ANALYSIS OF THE FOUR TREATMENT COMBINATIONS
4.1 Introduction
One major issue with the isocyanatopropyltriethoxysilane reaction was the
inability of the chitosan films to remain bonded to the implant metal when subjected to a
vacuum. In order to improve the adhesion of the film to the metal, several changes where
made, which resulted in four treatment combinations. The samples after each of the
treatment combinations were examined using X-Ray Photoelectron Spectroscopy (XPS)
and the results were analyzed to determine the statistical similarities and differences
between the similar treatment combinations.
4.2 Anticipated Surface Reactions
In order to determine the best method to bond chitosan to commercially pure
titanium, four treatment combinations were created, utilizing one of two metal treatments
and one of two silane treatments. The metal treatment protocol was given in Chapter 2,
Section 3.2, while the silane protocol was given in Chapter 2, Sections 3.3.2 – 3.3.3. For
each reaction step, three samples per metal treatment and three spots per sample were
examined and the statistical analysis was performed using completely randomized design
with subsampling. The chitosan films were examined using three samples per treatment
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and three spots per sample; the statistical analysis was performed using a 2 factorial
arrangement of treatments with subsampling.
Changes in the amount of several chemical species on the reaction surfaces will
indicate that the reactions are proceeding as anticipated. In order to bond silane
molecules to the titanium surface, the presence of the highly reactive TiO species on the
metal surface is preferred; the presence of the non-reactive TiO2 is not desired.
Following the reaction between the silane molecule and the titanium surface, a decrease
in the presence of TiO is expected. This occurs because the silane molecule binds to the
TiO and less of the titanium is now being probed due to the over-lying silane layer,
preventing the release and detection of photoelectrons.
The presence of any silicon – oxygen compounds following the reaction between
the silane molecule and titanium surface is advantageous, as this shows that the silane did
bind to the metal surface. The presence of SiO indicates that the Si – O – C bond present
in the silane is still occurring following the reaction with the surface, while the presence
of SiO3 indicates that the silane molecules are reacting with adjacent silane molecules to
form a polysiloxane group that helps stabilize the silane molecules.
The presence of terminal end groups is also expected and based on the silane
used, clear differences between the types of silanes should be seen. The
aminopropyltriethoxysilane should produce a terminal group with nitrogen present,
specifically a group containing C – N – H. The presence of this group would indicate
that the silane molecule is binding to the titanium surface correctly, and that any micelles
possibly formed during silane deposition are not present. The triethoxsilylbutyraldehyde
compound should produce a terminal group with oxygen present, so an increase in the
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oxygen content following deposition should occur. This increase should be seen in an
increase of the C = O peak, from the aldehyde terminal group, and possibly the COOH
peak, since the aldehyde could react with the ethanol used to rinse toluene off the metal
surface. Therefore, changes in the amounts of TiO, SiO, SiO3, C – N – H, C = O, and
COOH will allow us to determine if the reactions are occurring as anticipated.
If the metal treatments do not affect the chemical structure of the chitosan chains,
the chemical analysis of the chitosan films should be significantly similar, as chitosan
films are produced using powder with the same degree of deacetylation. Small
differences between the carbon, nitrogen, oxygen, and silicon peaks should be seen, as
this would determine the arrangement of the chains in the chitosan films.
4.3 Results
The results for this chapter are divided into several different groups. To begin
with, the two metal treatments were examined to determine if the surface composition
changed as a result of the passivation or piranha treatment. Each of the silane reactions
were examined based on metal treatment and on the reaction series. Finally, the chitosan
films were examined based on reaction series, metal treatment, and silane treatment.
4.3.1 Metal Treatments
The means and standard deviations from the survey scans of the metal treatments
are shown in Table 4.1. There were no statistical similarities when looking at the metal
surface treated by either the passivation protocol or the piranha protocol. The carbon
peak was much larger for the passivated peak as compared to the piranha peak, with
values of 65 ± 3 % and 40 ± 2 % respectively. The oxygen peak was also dramatically
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different, with values of 30 ± 2 % and 45 ± 1 % for passivated and piranha treated metals,
respectively. Finally, the titanium peak was noticeably larger for the piranha treated
metals, with a value of 15 ± 2 %, as compared to 6 ± 2 % for the passivated metal.
Figure 4.1 shows the representative survey scans of the passivated metal compared to the
piranha treated metal.

Table 4.1. Elemental percentage based on XPS survey scans of the metal treatments.
Metal Treatment
Passivated
Piranha

Carbon
65 ± 3 %
40 ± 2 %

Oxygen
30 ± 2 %
45 ± 1 %

Titanium
6 ± 2%
15 ± 2 %
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Figure 4.1. Representative survey scans of commercially pure titanium grade 4.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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The means and standard deviations from the high resolution scans are shown in
Tables 4.2 – 4.4. Table 4.2 shows the peak areas of the four peaks present on both metal
treated surfaces as determined from the carbon high resolution scans. There were no
statistical similarities for any of the four carbon peaks, with the peak areas on the
passivated metal being substantially larger than the peak areas on the piranha metal.
Figure 4.2 illustrates the differences in peak areas between the piranha treated and
passivated metal surface.
Table 4.3 shows the peak areas of the four peaks present on both metal treated
surfaces as determined from the oxygen high resolution scans. Only the C – O peak was
not statistically different for the two metal treatments, with values of 2160 ± 290 per unit
area for the passivated metal and 2120 ± 350 per unit area for the piranha treated metal.
The remaining four peaks were all significantly different based on the metal treatment.
TiO and – OH peaks were significantly higher on the piranha treated metal as compared
with the passivated metal; peak areas for the TiO and the – OH peaks for the piranha
treated metal were more than twice the peak areas of the passivated metal. The – (OH)3-3
peak area on the passivated metal was twice the peak area of the piranha treated metal,
while C = O peak was only present on the passivated metal. The differences in oxygen
peaks are graphically illustrated in Figure 4.3.
Table 4.4 shows the peak areas of the three peaks present on both metal treated
surfaces as determined from the titanium high resolution scans. Only the TiO2 peak was
statistically similar between the two treatments, with values of 1060 ± 150 per unit area
for the passivated metal compared with 1010 ± 350 per unit area for the piranha treated
metal. The TiO peak area of the piranha treated metal was almost twice the TiO peak
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area of the passivated metal, with values of 6860 ± 460 per unit area and 2640 ± 560 per
unit area, respectively. There was also a significant difference in the peak area of TiC,
with values of 430 per unit area for the passivated metal and 750 ± 170 per unit area for
the piranha treated metal. Figure 4.4 illustrates the differences in the peak areas of the
titanium peaks.
By looking at the XPS results from the different metal treatments, the piranha
treatment significantly decreased the amount of carbon present. It also significantly
increased the amount of oxygen and titanium present, both of which are needed for the
silane molecule to bind to the titanium surface.

Table 4.2. Carbon functional group peak areas based on XPS high resolution scans of metal treatments.
Metal Treatment
Passivated
Piranha

C [4.1]
284.8 ± 0.1 eV
1590 ± 640a
1270 ± 270a

C-C [4.2]
285.7 ± 0.1 eV
4140 ± 300
2590 ± 230

C-O [4.3]
287.0 ± 0.2 eV
1350 ± 250
670 ± 60

COOH [4.4]
289.3 ± 0.1 eV
590 ± 50
370 ± 30

Values with the same superscript are not statistically different at the 5% significance level.
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Metal Treatment: Carbon High Resolution Peaks
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Figure 4.2. Representative carbon high resolution scans of commercially pure titanium.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.3. Oxygen functional group peak areas based on XPS high resolution scans of metal treatments.
Metal Treatment
Passivated
Piranha

TiO [4.12]
530.4 ± 0.1eV
3330 ± 790
6970 ± 250

-OH [4.13]
531.4± 0.1eV
190 ± 200
380 ± 350

C-O [4.14]
532.6± 0.1 eV
2160 ± 290a
2120 ± 350a

-(OH)3-3 [4.15]
533.7 ± 0.1 eV
1650 ± 270
850 ± 40

C=O [4.16]
534.9 ± 0.1 eV
570 ± 130
---

Values with the same superscript are not statistically different at the 5% significance level.
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Metal Treatment: Oxygen High Resolution Peaks
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Figure 4.3. Representative oxygen high resolution scans of commercially pure titanium.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.4. Titanium functional group peak areas based on XPS high resolution scans of metal treatments.
Metal Treatment
Passivated
Piranha

TiO2 [4.23]
458.4 ± 0.2 eV
1060 ± 150a
1010 ± 350a

TiO [4.24]
459.2 ± 0.1 eV
2640 ± 560
6860 ± 460

TiC [4.25]
460.3 ± 0.2 eV
430
750 ± 170

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Metal Treatment: Titanium High Resolution Peaks
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Figure 4.4. Representative titanium high resolution scans of commercially pure titanium.
130

The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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4.3.2 Aminopropyltriethoxysilane Results
Two of the four treatment combinations involved aminopropyltriethoxysilane
(Amino); the results produced were compared in two different methods. The first method
was to compare each of the metal treatments with respect to each reaction step, while the
second method compared each step of the reaction with respect to the metal treatment.
The chitosan comparison will be performed in Section 4.3.4.
4.3.2.1 Silane Reaction Step 1a: Comparing Metal Treatments
The percentage means and standard deviations calculated from the survey scans
of the two metal treatments for the first reaction step are shown in Table 4.5. The
nitrogen and titanium percentages were the only two values that are statistically different.
The nitrogen percentage was smaller for the passivated step than for the piranha step,
with amounts of 7 ± 1 % and 8 ± 1% respectively, while the titanium percentage was
larger for the passivated step than for the piranha step, with amounts of 2 ± 1 % and 1 ± 1
% respectively.
The peak area means and standard deviations calculated from the survey scans of
the two metal treatments for the first reaction step are shown in Table 4.6. Unlike the
percentages table, the carbon and silicon peak areas were statistically different; the
nitrogen and titanium peak areas remained statistically different. The piranha treatment
resulted in higher peak areas of carbon, nitrogen, and silicon and a lower peak area of
titanium than the passivated metal treatment. Figure 4.5 illustrates representative survey
scans of the passivated metal and piranha treated metal for the first reaction step.

Table 4.5. Elemental percentages based on XPS survey scans of the amino treatments, silane step (reaction step 1a).
Metal Treatment
Passivated
Piranha

Carbon
52 ± 3a %
54 ± 1a %

Oxygen
26 ± 3b %
22 ± 1b %

Nitrogen
7±1%
8±1%

Silicon
13 ± 2c %
14 ± 1c %

Titanium
2±1%
1±1%

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.6. Elemental peak areas based on XPS survey scans of the amino treatments, silane step (reaction step 1a).
Metal Treatment
Passivated
Piranha

Carbon
17320 ± 1000
20380 ± 380

Oxygen
21450 ± 2400a
20600 ± 650a

Nitrogen
3790 ± 560
5050 ± 480

Silicon
3910 ± 560
4870 ± 260

Titanium
5350 ± 2060
2370 ± 1180

Values with the same superscript are not statistically different at the 5% significance level.

133

Amino Silane Treatment Survey Scan
12000

O 1s
C 1s
O KLL

C KLL

10000

Ti 2p1/2

O KLL

Ti 2p3/2

(b)
N 1s

Arbitrary Units

8000

Si 2s Si 2p
Ti 3p

6000
(a)
4000

2000

0
1000

800

600

400

200

0

Binding Energy (eV)

Figure 4.5. Representative survey scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.7 – 4.11. Table 4.7 shows the peak areas of the five peaks present on both metal
treated surfaces as determined from the carbon high resolution scans. Only two of the
five peaks were statistically different, while the peaks indicative of C – C, C = O, and
N – C showed no statistical differences. The peaks indicative of C – O and C – N – H
were statistically different; the piranha treatment had higher peak areas of 3890 ± 340 per
unit area for C – O and 1610 ± 260 per unit area for C – N - H, while the passivated
treatments had lower peak areas of 2940 ± 470 per unit area for C – O and 1220 ± 240
per unit area for C – N – H. Figure 4.6 illustrates the difference in peak areas of the
surface following the silanation step on each of the two metal treatments.
The means and standard deviations calculated from the high resolution scans of
oxygen are shown in Table 4.8. Five peaks were present on both metal surfaces; only
two of the five peaks were statistically different. The peaks identified as TiO and SiO2
were significantly different, with the piranha treated surface having lower peak areas of
both peaks as compared to the passivated surface. The differences between the two
surfaces are illustrated in Figure 4.7.
Table 4.9 contains the means and standard deviations from the high resolution
scans of nitrogen. Three peaks were present on both of the metal treatments, while the
last peak, identified as NO2, was only present on the passivated surface. Only the peak
identified as NH4+ was statistically similar; the other two peaks, N – C and C – N – H,
were statistically higher on the piranha treated surface than on the passivated surface.
Figure 4.8 shows the high resolution peak area differences of the nitrogen peak between
the two metal surfaces.

136
The means and standard deviations of the high resolution scans of silicon are
listed in Table 4.10. Two peaks were present on both treatment surfaces, while one
additional peak, SiO2, was present on the piranha treated surface. The two peaks
identified were statistically different; the piranha treated surface had a much lower peak
area of SiO than the passivated surface, while the piranha treated surface had a much
higher peak area of SiO3 than the passivated surface. The peak area differences between
the two metal surfaces are shown graphically in Figure 4.9.
The titanium means and standard deviations from the high resolution scans are
shown in Table 4.11. Three peaks were present, but only one peak, TiO, was present on
both surfaces. TiO2 was only present on the passivated surface, while Ti – C was present
only on the piranha treated surface. The one peak present on both surfaces, TiO, was
statistically different, with the peak area on the piranha treated surface significantly less
than the peak area on the passivated surface. Figure 4.10 shows the titanium peaks on the
two metal surfaces.
After examining the different high resolution peaks, it appeared that more amino
silane was bound per unit area by the piranha treated surface than by the passivated
surface. The more numerous amino silane molecules present on the piranha treated
surface were most strongly demonstrated by the significantly lower amount of TiO, the
significantly higher amount of C – N – H, and the significantly higher amounts of SiO,
SiO2, and SiO3.

Table 4.7. Carbon functional group peak areas based on XPS high resolution scans of the amino treatments, silane step (reaction
step 1a).
Metal Treatment
Passivated
Piranha

C-C [4.2]
285.4 ± 0.1 eV
2420 ± 670a
2240 ± 610a

C-O [4.3]
286.3 ± 0.1 eV
2940 ± 470
3890 ± 340

C-N-H [4.9]
287.4 ± 0.2 eV
1220 ± 240
1610 ± 260

C=O [4.10]
288.7 ± 0.3 eV
390 ± 80b
450 ± 80b

N-C [4.11]
289.9 ± 0.4 eV
210 ± 30c
260 ± 80c

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Silane Treatment: Carbon High Resolution Peaks
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Figure 4.6. Representative carbon high resolution scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.8. Oxygen functional group peak areas based on XPS high resolution scans of the amino treatments, silane step (reaction
step 1a).
Metal Treatment
Passivated
Piranha

TiO [4.12]
530.5 ± 0.1 eV
1370 ± 300
600 ± 200

SiO [4.17]
531.6 ± 0.2 eV
1190 ± 230a
890 ± 210a

SiOx [4.18]
532.8 ± 0.2 eV
2900 ± 420b
2500 ± 450b

SiO2 [4.19]
533.6 ± 0.1 eV
2790 ± 550
3960 ± 480

NO [4.22]
534.8 ± 0.2 eV
610 ± 120c
730 ± 300c

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Silane Treatment: Oxygen High Resolution Peaks
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Figure 4.7. Representative oxygen high resolution scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.9. Nitrogen functional group peak areas based on XPS high resolution scans of the amino treatments, silane step (reaction
step 1a).
Metal Treatment
Passivated
Piranha

N-C [4.32]
399.6 ± 0.2 eV
400 ± 90
660 ± 60

C-N-H [4.33]
400.7 ± 0.2 eV
650 ± 90
950 ± 100

NH4+ [4.34]
401.9 ± 0.2 eV
450 ± 70a
440 ± 50a

NO2- [4.35]
403.2 ± 0.3 eV
190 ± 20
---

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Silane Treatment: Nitrogen High Resolution Peaks
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Figure 4.8. Representative nitrogen high resolution scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.10. Silicon functional group peak areas based on XPS high resolution scans of the amino treatments, silane step (reaction
step 1a).
Metal Treatment
Passivated
Piranha

SiO [4.28]
102.9 ± 0.3 eV
740 ± 140
420 ± 130

SiO3 [4.29]
103.8 ± 0.3 eV
670 ± 140
1150 ± 60

SiO2 [4.30]
104.5 ± 0.1 eV
--390 ± 60

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Silane Treatment: Silicon High Resolution Peaks
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Figure 4.9. Representative silicon high resolution scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.11. Titanium functional group peak areas based on XPS high resolution scans of the amino treatments, silane step (reaction
step 1a).
Metal Treatment
Passivated
Piranha

TiO2 [4.23]
458.7 ± 0.2 eV
830 ± 390
---

TiO [4.24]
459.6 ± 0.2 eV
750 ± 160
550 ± 150

TiC [4.25]
460.4 ± 0.1 eV
--260 ± 10

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Silane Treatment: Titanium High Resolution Peaks
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Figure 4.10. Representative titanium high resolution scans of the amino treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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4.3.2.2 Gluteraldehyde Reaction Step 2a: Comparing Metal Treatments
The compositional percentage means and standard deviations calculated from the
survey scans of the two metal treatments for the second reaction step are shown in Table
4.12. Based on the percentages, the two different metal treatments did not display any
significant differences for the five elements present. In order to determine if the
percentages were correct, the peak area means and standard deviations were determined
for the second reaction step and are shown in Table 4.13. The peak areas of oxygen,
silicon, and titanium were not statistically different for the two metal treatments.
However, the peak areas of carbon and nitrogen were statistically different. The piranha
treated metal showed higher peak areas of carbon and nitrogen, with values of 23460 ±
1010 per unit area and 3850 ± 810 per unit area, respectively, as compared to the
passivated metal, which had a peak area of 21290 ± 760 per unit area for carbon and a
peak area of 2640 ± 460 per unit area for nitrogen. The representative survey scans of the
passivated metal and the piranha treated metal for the second reaction step are shown in
Figure 4.11.

Table 4.12. Elemental percentage based on XPS survey scans of the amino treatments, gluteraldehyde step (reaction step 2a).
Metal Treatment
Passivated
Piranha

Carbon
62 ± 2a %
62 ± 2a %

Oxygen
23 ± 1b %
22 ± 1b %

Nitrogen
5 ± 1c %
6 ± 1c %

Silicon
9 ± 1d %
9 ± 1d %

Titanium
1 ± 0.5e %
1 ± 1e %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.13. Elemental peak areas based on XPS survey scans of the amino treatments, gluteraldehyde step (reaction step 2a).
Metal Treatment
Passivated
Piranha

Carbon
21290 ± 760
23460 ± 1010

Oxygen
18960 ± 1180a
20680 ± 1270a

Nitrogen
2640 ± 460
3850 ± 810

Silicon
2940 ± 370b
2900 ± 400b

Titanium
2120 ± 950c
1160 ± 1700c

Values with the same superscript are not statistically different at the 5% significance level.

149

Amino Gluteraldehyde Treatment Survey Scan
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Figure 4.11. Representative survey scans of the amino treatment, gluteraldehyde step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.14 – 4.20. Tables 4.14 – 4.15 show the peaks from the high resolutions scans of
carbon; there were six carbon peaks on both metal treatments. Only one of the six peaks
was statistically different, while the peaks indicative of C – C, C – N – H, C = O, N – C,
and CO3-2 showed no statistical differences. The peak indicative of C – O was
statistically different; the piranha treatment had higher peak area of 4180 ± 240 per unit
area, as compared to the passivated treatment which had a peak area of 3660 ± 200 per
unit area. Figure 4.12 illustrates the difference in peak areas of carbon following the
gluteraldehyde step on each of the two metal treatments.
The means and standard deviations calculated from the high resolution scans of
oxygen are shown in Tables 4.16 – 4.17. Six peaks were present on both metal surfaces;
only one of the six peaks was statistically different. The peak identified as SiO2 was
significantly different, with the piranha treated surface having a higher peak area as
compared to the passivated surface, with values of 3660 ± 410 per unit area and 3280 ±
270 per unit area, respectively. The differences in peak areas between the two surfaces
are illustrated in Figure 4.13.
Table 4.18 contains the means and standard deviations from the high resolution
scans of nitrogen. Five peaks were present on both of the metal treatments, with two of
the five peaks being statistically different. The peaks identified as N – C and C – N – H
were statistically different, with the piranha treated surface having a higher peak area of
both peaks as compared to the passivated surface. Figure 4.14 shows the high resolution
peak area differences of the nitrogen peak between the two metal surfaces treated with
gluteraldehyde.
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The means and standard deviations of the high resolution scans of silicon are
listed in Table 4.19. Three peaks were present on both treatment surfaces, with only one
peak being statistically different. The SiO3 was higher on the piranha treated surface than
on the passivated surface, with values of 750 ± 50 per unit area and 630 ± 50 per unit
area, respectively. The peak area differences between the two metal surfaces are shown
graphically in Figure 4.15.
The titanium means and standard deviations from the high resolution scans are
shown in Table 4.20. Three peaks are present, but only one peak, TiO, was present on
both surfaces, while the peak of Ti – C was present on both surfaces only once out of
nine locations scanned. TiO2 was only present on the passivated surface. The one peak
present on both surfaces, TiO, was not statistically different. Figure 4.16 shows the
titanium peaks on the two metal surfaces treated with gluteraldehyde.
By looking at the two different surfaces following the gluteraldehyde reaction, it
appeared that more gluteraldehyde was bound per unit area to the piranha treated surface
than to the passivated surface, as there were more terminal amine ends on piranha treated
surface. The higher amount of gluteraldehyde on the piranha treated surface was most
strongly demonstrated by the significantly higher amounts of the C – O, C – N – H, and
SiO3 peaks.

Table 4.14. Carbon functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

C-C [4.2]
285.3 ± 0.1 eV
2180 ± 290a
2190 ± 340a

C-O [4.3]
286.2 ± 0.1 eV
3660 ± 200
4180 ± 240

C-N-H [4.9]
287.2 ± 0.1 eV
1810 ± 170b
1980 ± 200b

C=O [4.10]
288.3 ± 0.2 eV
700 ± 90c
730 ± 90c

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.15. Carbon functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

N-C [4.11]
289.4 ± 0.2 eV
350 ± 110d
310 ± 80d

CO3-2 [4.8]
290.5 ± 0.2 eV
180 ± 10e
220 ± 50e

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Gluteraldehyde Treatment: Carbon High Resolution Peaks
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Figure 4.12. Representative carbon high resolution scans of the amino treatment, gluteraldehyde step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.16. Oxygen functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

TiO [4.12]
530.4 ± 0.1 eV
510 ± 180a
620 ± 300a

SiO [4.17]
531.4 ± 0.2 eV
840± 210
760± 110

SiOx [4.18]
532.5 ± 0.2 eV
1950 ± 400c
2030 ± 560c

SiO2 [4.19]
533.4 ± 0.2 eV
3280 ± 270
3660 ± 410

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.17. Oxygen functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

NO [4.22]
534.4 ± 0.2 eV
1330 ± 320d
1450 ± 420d

C=O [4.21]
535.6 ± 0.4 eV
340 ± 100e
430 ± 120e

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Gluteraldehyde Treatment: Oxygen High Resolution Peaks
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Figure 4.13. Representative oxygen high resolution scans of the amino treatment, gluteraldehyde step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.18. Nitrogen functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

N-C [4.32]
399.5 ± 0.4 eV
200 ± 40
370 ± 100

C-N-H [4.33]
400.6 ± 0.4 eV
380 ± 70
490 ± 80

NH4+ [4.34]
401.7 ± 0.3 eV
350 ± 30a
310 ± 90a

NO [4.36]
402.8 ± 0.4 eV
230 ± 60b
260 ± 20b

NO2- [4.35]
403.8 ± 0.3 eV
200 ± 50c
210 ± 40c

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Gluteraldehyde Treatment: Nitrogen High Resolution Peaks
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Figure 4.14. Representative nitrogen high resolution scans of the amino treatment, gluteraldehyde step, on the two metal
treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.19. Silicon functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

SiO [4.28]
102.5 ± 0.1 eV
240 ± 50a
270 ± 60a

SiO3 [4.29]
103.4 ± 0.1 eV
630 ± 50
750 ± 50

SiO2 [4.30]
104.5 ± 0.2 eV
240 ± 70b
200 ± 30b

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Gluteraldehyde Treatment: Silicon High Resolution Peaks
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Figure 4.15. Representative silicon high resolution scans of the amino treatment, gluteraldehyde step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.20. Titanium functional group peak areas based on XPS high resolution scans of the amino treatments, gluteraldehyde step
(reaction step 2a).
Metal Treatment
Passivated
Piranha

TiO2 [4.23]
458.2 ± 0.2 eV
190 ± 30
---

TiO [4.24]
459.1 ± 0.1 eV
490 ± 100a
260 ± 340a

TiC [4.25]
460.4 ± 0.3 eV
170*
170*

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Amino Gluteraldehyde Treatment: Titanium High Resolution Peaks
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Figure 4.16. Representative titanium high resolution scans of the amino treatment, gluteraldehyde step, on the two metal treatments.
The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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4.3.2.3 Passivated Metal Treatment: Comparing Reaction Steps
The percentage means and standard deviations calculated from the survey scans
of each step of the amino reaction series on passivated metal are shown in Table 4.21,
while the peak area means and standard deviations are shown in Table 4.22. Figure 4.17
shows representative survey scans of each of the reaction steps. By examining the
reaction series, several trends were seen. The percentage of carbon showed a statistical
decrease from the passivated step to the amino step, with values of 65 ± 3 % and 52 ±
3 %, respectively. A statistical increase was seen from the amino step to the
gluteraldehyde step, which was not statistically different from the passivated step. The
peak area of carbon showed no statistical similarities, with the amino reaction step
significantly less than the other steps and the chitosan reaction step significantly more
than the other steps.
The percentage of oxygen showed a statistical decrease from the amino step to the
gluteraldehyde step, with values of 26 ± 3 % and 23 ± 1 %, respectively. A statistical
increase was seen from the gluteraldehyde step to the chitosan step, which was not
statistically different from the passivated step or the amino step. The peak area of oxygen
showed a decrease from the amino step to the gluteraldehyde step, followed by an
increase to the chitosan step. The passivated step, amino step, and the chitosan step were
not statistically different.
Nitrogen was not present on the passivated step. After reaction step 1, a
significant increase in nitrogen of 7 ± 1 % was seen; a significant decrease was seen
following reaction step 2, to a value of 5 ± 1 %. There was no statistical difference
between the gluteraldehyde step (reaction step 2a) and the chitosan film (reaction step
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3a). Looking at peak area, there was also a significant decrease between the amino
reaction step (1a) and the gluteraldehyde reaction step (2a). The chitosan step was not
statistically different from either reaction step.
Silicon was also not present on the passivated step. After the amino reaction
(reaction step 1a), a significant increase was seen in both percentage and peak area, to
values of 13 ± 2 % and 3910 ± 560 per unit area, respectively. A significant decrease
was seen in the silicon percentage following the gluteraldehyde step (reaction step 2a)
and the chitosan step (reaction step 3a), to percentage values of 9 ± 1 % and 1 ± 1 %,
respectively. A significant decrease in the silicon peak area was also seen following the
gluteraldehyde step and the chitosan step.
Titanium was not present in the chitosan step, but was present on the passivated
surface and following the other two reaction steps (reaction steps 1a and 2a). A
significant decrease from the passivated surface to the amino reaction step (1a) was seen,
with values of 6 ± 2 % to 2 ± 1 %, respectively. There was not a statistical difference
between the amino reaction and the gluteraldehyde reaction, with respect to percentage or
peak area.

Table 4.21. Elemental percentage based on XPS survey scans of passivated metal using amino silane.
Reaction Step
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

Carbon
65 ± 3a,b %
52 ± 3 %
62 ± 2b %
66 ± 1a %

Oxygen
30 ± 2a %
26 ± 3b %
23 ± 1 %
28 ± 1a,b %

Nitrogen
--7±1%
5 ± 1c %
6 ± 1c %

Silicon
--13 ± 2 %
9±1%
1±1%

Titanium
6±2%
2 ± 1d %
1 ± 1d %
---

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.22. Elemental peak areas based on XPS survey scans of passivated metal using amino silane.
Reaction Step
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

Carbon
19480 ± 1410
17320 ± 1000
21290 ± 760
22730 ± 680

Oxygen
21920 ± 1590a
21450 ± 2400a
18960 ± 1180
23500 ± 1200a

Nitrogen
--3790 ± 560c
2640 ± 460d
3220 ± 600c,d

Silicon
--3910 ± 560
2940 ± 370
50 ± 160

Titanium
11780 ± 4660
5350 ± 2060e
2130 ± 950e
---

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Passivated Metal Survey Scan
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Figure 4.17. Representative survey scans of the amino reaction series on passivated metal.
The passivated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde reaction
(reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (d).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.23 – 4.29. Tables 4.23 – 4.24 show the peak areas of the seven peaks present
following each reaction step as determined from the carbon high resolution scans. Of the
seven peaks present, only three of the peaks were present in all four reactions. The C
peak, located at 284.9 ± 0.1 eV, was present on both the passivated metal and on the
chitosan surface; it was not statistically different. The C – C peak, located at 285.8 ±
0.2 eV, dropped significantly from the passivated step to the amino reaction step (1a),
from 4140 ± 300 per unit area to 2420 ± 670 per unit area, respectively. There were no
statistical differences between reaction steps 1a, 2a, and 3a. The C – O peak, located at
286.5 ± 0.3 eV, was not present on the passivated surface; it increased significantly from
the amino reaction (1a), with a value of 2940 ± 470 per unit area, to the gluteraldehyde
reaction (2a), with a value of 3660 ± 200 per unit area, before dropping significantly
following the chitosan reaction (3a), to a value of 2640 ± 520 per unit area. The peak
located at 287.4 ± 0.3 eV was identified as C = O on the passivated metal and C – N – H
following the three reaction steps. There was a significant increase from the amino
reaction step to the gluteraldehyde reaction step, as well as a significant increase from the
gluteraldehyde reaction step to the chitosan reaction step. The C = O peak, located at
288.7 ± 0.3 eV, was not present on the passivated surface and it increased significantly
through each of the reaction steps, with a starting value of 390 ± 90 per unit area in the
amino reaction step (1a) to a final value of 1120 ± 100 per unit area in the chitosan
reaction step (3a). The peak located at 289.8 ± 0.4 eV was identified as CO3+2 on the
passivated metal and N – C following the three reaction steps. A significant increase was
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seen between the amino reaction step and the gluteralderaldehyde reaction step, from
values of 210 ± 30 per unit area to 350 ± 110 per unit area, respectively, while no
significant changes were seen between the gluteraldehyde reaction and the chitosan
reaction step. The last remaining peak, CO3-2, was present only on the gluteraldehyde
reaction surface (2a) and was located at 290.6 ± 0.2 eV. Figure 4.18 shows the
differences of the peaks areas following the four reaction steps on the passivated metal
surface.

Table 4.23. Carbon functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C [4.1]
284.9 ± 0.1 eV
1590 ± 640a
----820 ± 80a

C-C [4.2]
285.8 ± 0.2 eV
4140 ± 300
2420 ± 670b
2180 ± 290b
2540 ± 1100b

C-O [4.3]
286.5 ± 0.3 eV
--2940 ± 470c
3660 ± 200
2640 ± 510c

C=O [4.5] / C-N-H [4.9]
287.4 ± 0.3 eV
1350 ± 250d,e
1220 ± 240e
1810 ± 170d
2430 ± 820

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.24. Carbon functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C=O [4.10]
288.7 ± 0.3 eV
--390 ± 90
700 ± 90
1120 ± 100

CO3+2 [4.7] / N-C [4.11]
289.8 ± 0.4 eV
590 ± 50f
210 ± 30g
350 ± 110f
400 ± 210f,g

CO3-2 [4.8]
290.6 ± 0.2 eV
----180 ± 10
---

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Passivated Metal: Carbon High Resolution Peaks

C-C

14000

C-O

C

C-N-H
C=O

12000

N-C
(d)

Arbitrary Units

10000
CO3-2
8000

(c)

6000

4000

(b)

C=O

2000

CO3+2

(a)
0
283.1

284.1

285.1

286.1

287.1

288.1

289.1

290.1

291.1

292.1

Binding Energy (eV)

Figure 4.18. Representative carbon high resolution scans of the amino reaction series on passivated metal.
The passivated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde reaction
(reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (d).
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Tables 4.25 – 4.26 show the peaks from the high resolutions scans of oxygen;
there were six oxygen peaks present, with only four of the peaks present in all four
reactions. The peak located at 530.4 ± 0.1 eV and identified as TiO, showed a significant
decrease from the passivated step through the amino reaction step (1a) and the
gluteraldehyde step (2a). The TiO peak is not present following the chitosan reaction
step (3a). There were statistical similarities between the four peaks that were present on
the four surfaces; however, the identities of the peaks were different for the passivated
surface as compared to the reaction steps. For the peak located at 531.5 ± 0.2 eV, the
identity of the peak on the passivated surface was – OH, while the peak for the other
three reaction steps was SiO. The SiO peak dropped significantly from the first reaction
step (1a), with a value of 1190 ± 220 per unit area, to the last reaction step (3a), with a
value of 650 ± 340 per unit area. The peak located at 532.7 ± 0.2 eV was identified as
C – O for the passivated step and SiOx for the other three reaction steps. Following the
gluteraldehyde reaction (2a), there was a significant decrease from a value 2890 ± 420
per unit area in the amino reaction to a value of 1950 ± 400 per unit area. There was no
significant difference between the gluteraldehyde reaction and the chitosan reaction (3a).
The peak located at 533.7 ± 0.2 eV was identified as – (OH)3-3 on the passivated surface
and SiO2 following the three reaction steps. There was no statistical differences between
the amino step (1a) and the gluteraldehyde step (2a), while there was a significant
increase from the gluteraldehyde step, with a value of 3280 ± 270 per unit area, to the
chitosan step (3a), with a value of 4230 ± 990 per unit area. The fifth peak was identified
as C – O on the passivated surface and NO following the reaction steps and was located
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at 534.7 ± 0.3 eV. There were no statistical differences between any of the reaction
steps; however, the peak area following the amino reaction and the peak area following
the chitosan reaction were statistically different, with values of 610 ± 120 per unit area
and 2410 ± 1130 per unit area, respectively. The last peak was not present on the
passivated surface or the amino treated surface (1a), but was present following the
gluteraldehyde step (2a) and the chitosan step (3a). The peak identified as C = O was
located at 535.7 ± 0.3 eV and did not vary significantly between the two reactions.
Figure 4.19 shows the differences in the peak areas of the oxygen peaks on the surface
following the four reaction steps on the passivated metal surface.

Table 4.25. Oxygen functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

TiO [4.12]
530.4 ± 0.1 eV
3330 ± 790
1370 ± 300
510 ± 180
---

-OH [4.13] / SiO [4.17]
531.5 ± 0.2 eV
1920 ± 200
1190 ± 230a
840 ± 210a,b
650 ± 340b

C-O [4.14] / SiOx [4.18]
532.7 ± 0.2 eV
2160 ± 290c
2890 ± 420
1950 ± 400c
1860 ± 640c

-(OH)3-3 [4.15] / SiO2 [4.19]
533.7 ± 0.2 eV
1650 ± 270
2790 ± 550d
3280 ± 270d
4230 ± 990

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.26. Oxygen functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C-O [4.16] / NO [4.22]
534.7 ± 0.3 eV
570 ± 130a
610 ± 120a
1330 ± 320a,b
2410 ± 1130b

C=O [4.21]
535.7 ± 0.3 eV
----340 ± 100c
560 ± 380c

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Passivated Metal: Oxygen High Resolution Peaks
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Figure 4.19. Representative oxygen high resolution scans of the amino reaction series on passivated metal.
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The passivated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde reaction
(reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (c).
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Table 4.27 shows the peaks from the high resolution scans of nitrogen; there were
no nitrogen peaks present on the passivated surface, while there were five peaks present,
with three of the peaks present on all of the reaction surfaces. The peak located at 399.6
± 0.4 eV was identified as N – C and was not statistically different from the amino
reaction step to the gluteraldehyde step; a statistically significant increase was seen from
the gluteraldehyde step to the chitosan step. The peak identified as C – N – H and
located at 400.6 ± 0.3 eV showed a significant decrease between the amino treated step
(1a) and the gluteraldehyde step (2a) from a value of 650 ± 90 per unit area to a value of
380 ± 70 per unit area, while a significant increase was seen between the gluteraldehyde
step (2a) and the chitosan step (3a), with a final value of 630 ± 120 per unit area. The
peak located at 401.6 ± 0.3 eV, and identified as NH4+, was not present on the chitosan
surface. It decreased significantly from the amino reaction (1a) to the gluteraldehyde
reaction (2a). NO, located at 402.8 ± 0.4 eV, was present on all three of the reaction
surfaces. It did not significantly change from the amino reaction step to the
gluteraldehyde reaction step, nor did it change significantly from the gluteraldehyde step
to the chitosan step. The last peak, NO2-, located at 403.7 ± 0.3 eV, was present only
following the amino reaction step, with a value of 200 ± 50 per unit area; it was no longer
present following the gluteraldehyde reaction. Figure 4.20 shows the differences in the
peak areas of nitrogen on the surface following the three reaction steps on the passivated
metal surface; the passivated surface was not shown, as no nitrogen was present.

Table 4.27. Nitrogen functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

N-C [4.32]
399.6 ± 0.4 eV
--400 ± 90a,b
200 ± 40a
540 ± 230b

C-N-H [4.33]
400.6 ± 0.3 eV
--650 ± 90c
380 ± 70
630 ± 120c

NH4+ [4.34]
401.6 ± 0.2 eV
--450 ± 70
350 ± 30
---

NO [4.36]
402.8 ± 0.4 eV
--190 ± 20d
230 ± 60d,e
270 ± 40e

NO2- [4.35]
403.7 ± 0.3 eV
--200 ± 50
-----

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.20. Representative nitrogen high resolution scans of the amino reaction series on passivated metal.
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The amino silane reaction (reaction step 1a) is labeled (a). The gluteraldehyde reaction (reaction step 2a) is labeled (b).
The chitosan reaction (reaction step 3a) is labeled (c).
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Table 4.28 shows the peak areas of the three peaks present following the four
reaction steps as determined from the silicon high resolution scans; there were no silicon
peaks present on the passivated surface. Of the three peaks present, only one of the peaks
was present on all of the reaction surfaces. The peak located at 102.8 ± 0.3 eV was
identified as SiO and dropped significantly following each of the reaction steps, from an
initial value of 740 ± 140 per unit area following the amino reaction step to a value of 20
± 60 per unit area following the chitosan reaction step. The peak identified as SiO3 was
not present on the chitosan surface, but was present following the amino reaction step and
the gluteraldehyde reaction step; there were no statistical differences between the reaction
steps however. The final peak, identified as SiO2 and located at 104.5 ± 0.2 eV, was
present only following the gluteraldehyde reaction. Figure 4.21 illustrates the differences
of the silicon peak following the three reaction steps on the passivated metal; the
passivated metal was not shown, as there was no silicon present.

Table 4.28. Silicon functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

SiO [4.28]
102.8 ± 0.3 eV
--740 ± 140
240 ± 50
20 ± 60

SiO3 [4.29]
103.7 ± 0.3 eV
--670 ± 140a
630 ± 50a
---

SiO2 [4.30]
104.5 ± 0.2 eV
----240 ± 70
---

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.21. Representative silicon high resolution scans of the amino reaction series on passivated metal.
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The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde reaction (reaction step 2a) is labeled (c).
The chitosan reaction (reaction step 3a) is labeled (c).
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Table 4.29 shows the peaks from the high resolution scans of titanium; there were
no titanium peaks present following the chitosan reaction step. There were three peaks
present, with one peak located on only the passivated surface and following the
gluteraldehyde reaction step. The peak located at 458.5 ± 0.2 eV was identified as TiO2.
There was no significant change between the passivated surface and the amino reaction
step, nor was there a significant change between the amino reaction step and the
gluteraldehyde step. However, there was a significant decrease from the passivated
surface to the gluteraldehyde step, with values of 1060 ± 150 per unit area and 190 ± 30
per unit area, respectively. The peak located at 459.3 ± 0.2 eV was identified as TiO; a
significant decrease between the passivated surface and the amino reaction step was seen,
with values of 2650 ± 560 per unit area and 750 ± 160 per unit area, respectively. No
significant change was seen between the amino reaction step and the gluteraldehyde
reaction step. The last peak, located at 460.4 ± 0.3 eV, was identified as TiC; the peak
was seen in only one scan of the passivated surface and one scan of the gluteraldehyde
surface. Figure 4.22 illustrates the differences of the titanium peak following the three
reaction steps on the passivated metal; the chitosan reaction step was not shown, as there
was no titanium present.
By looking at the three different surfaces on the passivated metal surface,
significant changes between the reaction species were seen. An overall increase of the C
= O peak indicated that the gluteraldehyde molecule did bind to the amino silane
molecule, while an overall decrease of the TiO peak further indicated that the anticipated
surface reactions had occurred. The anticipated reaction was further proven by the initial
increase of the C – N – H group, followed by a decrease after the gluteraldehyde reaction,
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showing that the gluteraldehyde molecule did bond with the terminal amine group. The
presence of SiO, SiO2, and SiO3 further proved that the anticipated reaction between the
passivated surface and the amino silane did occur.

Table 4.29. Titanium functional group peak areas based on XPS high resolution scans of passivated metal using amino silane.
Metal Treatment
Passivated
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

TiO2 [4.23]
458.5 ± 0.2 eV
1060 ± 150a
840 ± 390a,b
190 ± 30b
---

TiO [4.24]
459.3 ± 0.2 eV
2650 ± 560
750 ± 160c
490 ± 100c
---

TiC [4.25]
460.4 ± 0.3 eV
420*
--170*
---

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Figure 4.22. Representative titanium high resolution scans of the amino reaction series on passivated metal.
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The passivated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde reaction
(reaction step 2a) is labeled (c).
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4.3.2.4 Piranha Treated Metal: Comparing Reaction Steps
The percentage means and standard deviations calculated from the survey scans
of each step of the amino reaction series on piranha treated metal are shown in Table
4.30, while the peak area means and standard deviations are shown in Table 4.31. Figure
4.23 shows representative survey scans of each of the reaction steps. By examining the
reaction series, several trends were seen. The carbon percentage showed a statistical
increase between every step, from the piranha treated metal through to the chitosan
reaction step (3a); the carbon percentage started at 40 ± 2 % for the piranha treated metal
and ended at 68 ± 1 % for the chitosan reaction step. The peak area of carbon showed a
statistical increase from the piranha metal through to the gluteraldehyde reaction step
(2a); the gluteraldehyde reaction step and the chitosan reaction step (3a) were not
statistically different.
The percentage of oxygen showed a statistical decrease from the piranha treated
metal to the amino reaction step (1a), with values of 45 ± 1 % and 22 ± 1 %, respectively.
No statistical differences exist between the amino reaction step and the gluteraldehyde
step (2a); however, there was a statistical increase from the gluteraldehyde step to the
chitosan step (3a), with values of 22 ± 2 % and 25 ± 1 %, respectively. The peak area of
oxygen showed a decrease from the piranha treated metal to the amino reaction step;
there was no statistical difference between the amino reaction step, the gluteraldehyde
reaction step, and the chitosan reaction step.
Nitrogen was not present on the piranha treated metal. After reaction step 1, a
significant increase in nitrogen of 8 ± 1 % was seen; a significant decrease was seen
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following reaction step 2, to a value of 6 ± 1 %. There was no statistical difference
between the gluteraldehyde step (reaction step 2a) and the chitosan film (reaction step
3a). Looking at the peak areas, there was also a significant decrease between the amino
reaction step (1a) and the gluteraldehyde reaction step (2a) and a significant decrease
between the gluteraldehyde reaction step and the chitosan reaction step (3a).
Silicon was also not present on the piranha treated metal. After the amino
reaction (reaction step 1a), a significant increase was seen in both percentage and peak
area, to values of 14 ± 1 % and 4870 ± 260 per unit area, respectively. A significant
decrease was seen in the silicon percentage following the gluteraldehyde step (reaction
step 2a) and the chitosan step (reaction step 3a), to percentage values of 9 ± 1 % and 1 ±
1 %, respectively. A significant decrease was seen in the silicon peak area following the
gluteraldehyde step and the chitosan step, as well.
Titanium was not present in the chitosan step, but was present on the piranha
treated surface and following the other two reaction steps (reaction steps 1a and 2a). A
significant decrease from the piranha treated surface to the amino reaction step (1a) was
seen, with values of 15 ± 2 % to 1 ± 1 %, respectively. There was not a statistical
difference between the amino reaction and the gluteraldehyde reaction, with respect to
percentage or peak area.

Table 4.30. Elemental percentage based on XPS survey scans of piranha treated metal using amino silane.
Reaction Step
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

Carbon
40 ± 2 %
54 ± 1 %
62 ± 2 %
68 ± 1 %

Oxygen
45 ± 1 %
22 ± 1a %
22 ± 2a %
25 ± 1 %

Nitrogen
--8±1%
6 ± 1b %
5 ± 1b %

Silicon
--14 ± 1 %
9±1%
1±1%

Titanium
15 ± 2 %
1 ± 1c %
1 ± 1c %
---

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.31. Elemental peak area based on XPS survey scans of piranha treated metal using amino silane.
Reaction Step
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

Carbon
12430 ± 380
20380 ± 670
23460 ± 1010a
23110 ± 460a

Oxygen
34410 ± 1340
20600 ± 650b
20680 ± 1270b
20470 ± 1240b

Nitrogen
--5050 ± 480
3850 ± 810
2900 ± 290

Silicon
--4870 ± 260
2900 ± 400
260 ± 230

Titanium
33400 ± 5640
2370 ± 1180e
1160 ± 1700e
---

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.23. Representative survey scans of the amino reaction series on piranha treated metal.
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The piranha treated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde
reaction (reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (d).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.32 – 4.38. Tables 4.32 – 4.33 show the peaks from the high resolutions scans of
carbon; there were seven carbon peaks present, only three of the peaks were present in all
four reactions. Each of the three peaks present showed some statistical differences. The
C peak, located at 284.8 ± 0.1 eV was present only on the piranha treated metal. The
C – C peak, located at 285.5 ± 0.2 eV, did not significantly change between the piranha
treated surface and the three reaction steps. The peak located at 286.4 ± 0.3 eV and
identified as C – O was not present on the piranha treated metal. There was no
significant change between the amino reaction step and the gluteraldehyde reaction step;
a significant decrease was seen between the gluteraldehyde reaction step and the chitosan
reaction step, with peak area values of 4180 ± 240 per unit area and 3690 ± 160 per unit
area, respectively. The peak located at 287.3 ± 0.4 eV was identified as C = O on the
piranha treated surface and C – N – H following the reaction series. There was a
significant increase of the C – N – H peak following each of the three reaction steps, from
an initial value of 1610 ± 260 per unit area following the amino reaction step to a final
value of 2580 ± 380 per unit area following the chitosan reaction step. The peak located
at 288.5 ± 0.3 eV was identified as C = O; it was not present on the piranha treated
surface. A significant increase was seen from the amino reaction step through to the
chitosan reaction step, with an initial value of 450 ± 80 per unit area to a final value of
1660 ± 420 per unit area. On the piranha treated surface, the peak located at 289.5 ± 0.3
eV was identified as CO3+2, while the peak following the reaction series was identified as
N – C. There was no statistical difference between the amino reaction step and the
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gluteraldehyde reaction step; however, a significant increase was seen between the
gluteraldehyde reaction step and the chitosan reaction step, from a value of 310 ± 80 per
unit area to a value of 950 ± 90 per unit area, respectively. The last remaining peak,
CO3-2, was present following the gluteraldehyde reaction surface (2a) and the chitosan
reaction surface (3a); it was located at 290.5 ± 0.4 eV. A significant decrease between
the gluteraldehyde reaction step and the chitosan reaction step was seen, from a value of
1960 ± 50 per unit area to a value of 870 ± 30 per unit area, respectively. Figure 4.24
shows the differences in the peak areas of carbon on the surface following the four
reaction steps on the piranha treated metal surface.

Table 4.32. Carbon functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C [4.1]
284.8 ± 0.1 eV
1270 ± 270
-------

C-C [4.2]
285.5 ± 0.2 eV
2590 ± 230a
2240 ± 620a
2190 ± 340a
530 ± 220

C-O [4.3]
286.4 ± 0.3 eV
--3890 ± 340b,c
4180 ± 240b
3690 ± 160c

C=O [4.5] / C-N-H [4.9]
287.3 ± 0.4 eV
670 ± 60
1610 ± 260
1980 ± 200
2580 ± 380

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.33. Carbon functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C=O [4.10]
288.5 ± 0.3 eV
--450 ± 80
730 ± 90
1660 ± 420

CO3+2 [4.7] / N-C [4.11]
289.5 ± 0.3 eV
370 ± 30a
260 ± 80b
310 ± 80a,b
950 ± 90

CO3-2 [4.8]
290.5 ± 0.4 eV
----1960 ± 50
870 ± 30

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.24. Representative carbon high resolution scans of the amino reaction series on piranha treated metal.
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The piranha treated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde
reaction (reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (d).

200
Tables 4.34 – 4.35 show the peaks from the high resolutions scans of oxygen;
there were six oxygen peaks present, with only three of the peaks present in all four
reactions. The peak located at 530.5 ± 0.1 eV and identified as TiO showed a significant
decrease from the piranha reaction step to the amino reaction step (1a); there was no
statistical change between the amino reaction step and the gluteraldehyde step (2a). The
TiO peak was not present following the chitosan reaction step (3a). For the peak located
at 531.4 ± 0.2 eV, the identity of the peak on the piranha surface was – OH, while the
peak for the other three reaction steps was SiO. The SiO peak did not show a statistical
change between the amino reaction step and the gluteraldehyde reaction step; however, a
significant decrease between the gluteraldehyde step and the chitosan reaction was seen,
with values of 760 ± 110 per unit area and 200 ± 20 per unit area, respectively. The peak
located at 532.6 ± 0.2 eV was identified as C – O for the piranha treated step and SiOx for
the other three reaction steps. A significant decrease was seen between the amino
reaction step and the gluteraldehyde reaction step, from a value of 2500 ± 450 per unit
area to a value of 2030 ± 560 per unit area, respectively. A significant decrease was also
seen between the gluteraldehyde reaction step and the chitosan reaction step, with a final
value of 1010 ± 160 per unit area. The peak located at 533.6 ± 0.2 eV was identified as
– (OH)3-3 on the piranha treated surface and SiO2 following the three reaction steps.
There was a significant decrease between the amino reaction step (1a) and the
gluteraldehyde reaction step (2a), as well as a significant decrease between the
gluteraldehyde reaction step to the chitosan reaction step (3a), with an initial value of
3960 ± 480 per unit area and a final value of 2690 ± 340 per unit area. The fifth peak
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was not present on the piranha treated surface and was identified as NO following the
reaction steps; it was located at 534.6 ± 0.3 eV. There was significant increase between
the amino reaction step and the gluteraldehyde reaction step, along with a significant
increase between the gluteraldehyde reaction step to the chitosan reaction step, with an
initial value of 730 ± 300 per unit area to a final value of 3930 ± 370 per unit area. The
last peak was not present on the piranha treated surface or the amino treated surface (1a),
but was present following the gluteraldehyde step (2a) and the chitosan step (3a). The
peak identified as C = O was located at 535.6 ± 0.3 eV and did increase significantly
from the gluteraldehyde reaction step to the chitosan reaction step, with values of 430 ±
120 per unit area and 890 ± 250 per unit area. Figure 4.25 shows the differences in the
peak areas of oxygen on the surface following the four reaction steps on the piranha
treated metal surface.

Table 4.34. Oxygen functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

TiO [4.12]
530.5 ± 0.1 eV
6970 ± 250
600 ± 200a
620 ± 300a
---

-OH [4.13] / SiO [4.17]
531.4 ± 0.2 eV
3830 ± 350
890 ± 210b
760 ± 110b
200 ± 20

C-O[4.14] / SiOx [4.18]
532.6 ± 0.2 eV
2120 ± 350c,d
2500 ± 450c
2030 ± 560d
1010 ± 160

-(OH)3-3 [4.15] / SiO2 [4.19]
533.6 ± 0.2 eV
850 ± 40
3960 ± 480
3660 ± 410
2690 ± 340

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.35. Oxygen functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

C-O [4.16] / NO [4.22]
534.6 ± 0.3 eV
--730 ± 300
1450 ± 420
3920 ± 370

C=O [4.21]
535.6 ± 0.3 eV
----430 ± 120
890 ± 250

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.25. Representative oxygen high resolution scans of the amino reaction series on piranha treated metal.
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The piranha treated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde
reaction (reaction step 2a) is labeled (c). The chitosan reaction (reaction step 3a) is labeled (d).
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Table 4.36 shows the peaks from the high resolution scans of nitrogen; there were
no nitrogen peaks present on the piranha treated surface, while there were five peaks
present, with two of the peaks present on all of the reaction surfaces. The peak located at
399.8 ± 0.2 eV was identified as N – C; the peak significantly decreased between the
three reaction steps, with an initial value of 660 ± 60 per unit area and a final value of
190 ± 10 per unit area. The peak identified as C – N – H and located at 400.9 ± 0.3 eV
showed a significant decrease from the amino treated step (1a) to the gluteraldehyde step
(2a) from a value of 950 ± 100 per unit area to a value of 490 ± 80 per unit area, while a
significant increase was seen from the gluteraldehyde step (2a) to the chitosan step (3a),
with a final value of 760 ± 60 per unit area. The peak located at 402.0 ± 0.2 eV, and
identified as NH4+, was not present on the chitosan surface. It decreased significantly
from the amino reaction (1a) to the gluteraldehyde reaction (2a). NO, located at 402.7 ±
0.5 eV, was not present on the amino reaction surface. There was not a significant
change between the gluteraldehyde reaction step and the chitosan reaction step. The last
peak, NO2-, located at 403.8 ± 0.4 eV, was present only following the amino reaction
step, with a value of 210 ± 40 per unit area; it was no longer present following the
gluteraldehyde reaction. Figure 4.26 shows the differences in the peak areas of nitrogen
on the surface following the three reaction steps on the piranha treated metal surface; the
piranha treated surface was not shown, as no nitrogen was present.

Table 4.36. Nitrogen functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

N-C [4.32]
399.8 ± 0.2 eV
--660 ± 60
370 ± 100
190 ± 10

C-N-H [4.33]
400.9 ± 0.3 eV
--950 ± 100
490 ± 80
760 ± 60

NH4+ [4.34]
402 ± 0.2 eV
--440 ± 50
310 ± 90
---

NO [4.36]
402.7 ± 0.5 eV
----260 ± 20a
340 ± 70a

NO2- [4.35]
403.8 ± 0.4 eV
--210 ± 40
-----

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Piranha Treated Metal: Nitrogen High Resolution Peaks
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Figure 4.26. Representative nitrogen high resolution scans of the amino reaction series on piranha treated metal.
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The amino silane reaction (reaction step 1a) is labeled (a). The gluteraldehyde reaction (reaction step 2a) is labeled (b).
The chitosan reaction (reaction step 3a) is labeled (c).
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Table 4.37 shows the peaks from the high resolution scans of silicon; there were
no silicon peaks present on the piranha treated surface, while there were three peaks
present, with only one of the peaks present on all of the reaction surfaces. The peak
located at 102.6 ± 0.1 eV was identified as SiO; there was no significant change between
the amino reaction step and the gluteraldehyde step, while the peak was not present
following the chitosan reaction step. The second peak identified as SiO3 was located at
103.6 ± 0.2 eV; it was present following all three reaction steps. A significant decrease
was seen between the amino reaction step and the gluteraldehyde reaction step; the peak
area also significantly decreased between the gluteraldehyde reaction step and the
chitosan reaction step, with an initial value following the amino reaction step of 1150 ±
60 per unit area and a final value following the chitosan reaction step of 60 ± 90 per unit
area. The third peak, identified as SiO2, was located at 104.5 ± 0.1 eV. A significant
decrease was seen between the amino reaction step and the gluteraldehyde reaction step,
while the peak was not present following the chitosan reaction step. Figure 4.27
illustrates the differences of the silicon peak following the three reaction steps on the
piranha treated metal; the piranha treated metal was not shown as there was no silicon
present.

Table 4.37. Silicon functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

SiO [4.28]
102.5 ± 0.1 eV
--420 ± 130a
270 ± 60a
---

SiO3 [4.29]
103.6 ± 0.2 eV
--1150 ± 60
750 ± 50
60 ± 90

SiO2 [4.30]
104.5 ± 0.1 eV
--390 ± 60
200 ± 30
---

Values with the same superscript are not statistically different at the 5% significance level.
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Amino Piranha Treated Metal: Silicon High Resolution Peaks
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Figure 4.27. Representative silicon high resolution scans of the amino reaction series on piranha treated metal.
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The amino silane reaction (reaction step 1a) is labeled (a). The gluteraldehyde reaction (reaction step 2a) is labeled (b). The
chitosan reaction (reaction step 3a) is labeled (c).
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Table 4.38 shows the peaks from the high resolution scans of titanium; there were
no titanium peaks present following the chitosan reaction step. There were three peaks
present, with one peak present on only the piranha treated surface. The peak located at
458.3 ± 0.3 eV was identified as TiO2. It was present only on the piranha treated surface.
The peak located at 459.2 ± 0.1 eV was identified as TiO; a significant decrease between
the piranha treated surface and the amino reaction step was seen, with values of 6860 ±
460 per unit area and 550 ± 150 per unit area, respectively. No significant change was
seen between the amino reaction step and the gluteraldehyde reaction step. The last peak,
located at 460.3 ± 0.2 eV, was identified as TiC; there was a significant decrease between
the piranha treated surface and the amino treated surface, from an initial value of 750 ±
170 per unit area to a value following the amino reaction of 260 ± 10 per unit area. Only
one scan of the gluteraldehyde surface indicated the presence of the TiC peak, which was
not statistically different from the peak following the amino reaction step. Figure 4.28
illustrates the differences of the titanium peak following the three reaction steps on the
piranha treated metal; the chitosan reaction step was not shown as there was no titanium
present.
By looking at the three different surfaces on the piranha treated metal surface,
significant changes between the reaction species were seen. An overall increase of the
C = O peak indicated that the gluteraldehyde molecule did bind to the amino silane
molecule, while an overall decrease of the TiO peak further indicated that the anticipated
surface reactions had occurred. The anticipated reaction was further proven by the initial
increase of the C – N – H group, followed by a decrease after the gluteraldehyde reaction,
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showing that the gluteraldehyde molecule did bond with the terminal amine group. The
presence of SiO, SiO2, and SiO3 further proved that the anticipated reaction between the
piranha treated surface and the amino silane was occurring.

Table 4.38. Titanium functional group peak areas based on XPS high resolution scans of piranha treated metal using amino silane.
Metal Treatment
Piranha
Amino (1a)
Gluteraldehyde (2a)
Chitosan (3a)

TiO2 [4.23]
458.3 ± 0.3 eV
1010 ± 350
-------

TiO [4.24]
459.2 ± 0.1 eV
6860 ± 460
550 ± 150b
260 ± 340b
---

TiC [4.25]
460.3 ± 0.2 eV
750 ± 170
260 ± 10c
170c*
---

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Amino Piranha Treated Metal: Titanium High Resolution Peaks
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Figure 4.28. Representative titanium high resolution scans of the amino reaction series on piranha treated metal.
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The piranha treated metal is labeled (a). The amino silane reaction (reaction step 1a) is labeled (b). The gluteraldehyde
reaction (reaction step 2a) is labeled (c).
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4.3.3 Triethoxsilylbutyraldehyde Results
Two of the four treatment combinations involved triethoxsilylbutyraldehyde
(Aldehyde); the results produced were compared in two different methods. The first
method was to compare each metal treatment with respect to each reaction step, while the
second method compared each step of the reaction with respect to the metal treatment.
The chitosan comparison will be performed in Section 4.3.4.
4.3.3.1 Silane Reaction Step 1b: Comparing Metal Treatments
The percentage means and standard deviations calculated from the survey scans
of the two metal treatments for the first reaction step are shown in Table 4.39. Unlike the
amino reaction series, which had five elements present, there were only four elements
present using the aldehyde reaction step; based on the percentages, there were no
statistical differences between any of the elements present. The peak area means and
standard deviations table was not given, as the metal treatment peak areas were not
statistically different, as shown in Table 4.39. Figure 4.29 shows the representative
surface scans of the aldehyde reaction step (1b) on the two treated metals.

Table 4.39. Elemental percentage based on XPS survey scans of the aldehyde treatments, silane step (reaction step 1b).
Metal Treatment
Passivated
Piranha

Carbon
50 ± 3a %
53 ± 3a %

Oxygen
32 ± 4b %
30 ± 3b %

Silicon
17 ± 1c %
16 ± 1c %

Titanium
1 ± 1d %
0 ± 1d %

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.29. Representative survey scans of the aldehyde treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.40 – 4.45. Tables 4.40 – 4.41 show the peaks from the high resolutions scans of
carbon; there were seven carbon peaks present on the metal treatments. None of the
peaks present were statistically different between the two metal treatments. Figure 4.30
shows the carbon high resolution peaks present on the two metal surfaces.
Table 4.42 – 4.43 show the peaks from the high resolution scans of oxygen; there
were six oxygen peaks present on the metal treatments. Of the six peaks present, one
peak was not present on both surfaces; the SiO peak, located at 531.9 ± 0.5 eV, was not
present on the passivated surface. The SiO2 peak, located at 533.6 ± 0.3 eV, was the only
one of two peaks to show a significant change; the peak area of SiO2 was significantly
less on the piranha treated surface than on the passivated surface, with values of 3420 ±
730 per unit area and 5430 ± 800 per unit area, respectively. The other peak that showed
a significant change was the peak located at 535.5 ± 0.2 eV, identified as C = O;
however, while the passivated surface was significantly less than the piranha treated
surface, there was only one scan that indicated the C = O peak was present on the piranha
treated surface. Figure 4.31 shows the oxygen high resolution peaks present on the two
metal surfaces.
Table 4.44 shows the peaks from the high resolution scans of silicon; there were
five silicon peaks present on the metal treatments. Of the five peaks present, one peak
was not present on both surfaces; the SiOx peak, located at 101.6 ± 0.1 eV was not
present on the passivated surface. The other four peaks did not show a significant
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difference between the two metal treatments. Figure 4.32 shows the silicon high
resolution peaks present on the two metal surfaces.
Table 4.45 shows the peaks from the high resolution scans of titanium; there were
four titanium peaks present on the metal treatments. Of the four peaks present, two peaks
were not present on both surfaces. The TiO2 peak, located at 457.6 ± 0.3 eV, was not
present on the piranha treated surface, while the TiC peak, located at 460.2 ± 0.2 eV, was
not present on the passivated surface. The other two peaks did not show a significant
difference. Figure 4.33 shows the titanium high resolution peaks present on the two
metal surfaces.
By looking at the two different surfaces following the aldehyde silane reaction, it
appeared likely that more aldehyde silane was bound to the piranha treated surface than
to the passivated surface, as there was an equal amount of TiO following the silane
reaction, but more TiO before the reaction. The attraction of the aldehyde silane reaction
was likely best characterized by the significant amount of SiO3 present on both metal
surfaces.

Table 4.40. Carbon functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

C [4.1]
284.8 ± 0.2 eV
1580 ± 440a
1830 ± 1050a

C-C [4.2]
285.6 ± 0.2 eV
3570 ± 330b
3240 ± 370b

C-O [4.3]
286.5 ± 0.2 eV
1490 ± 210c
1730 ± 890c

C=O [4.5]
287.6 ± 0.2 eV
720 ± 120d
860 ± 410d

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.41. Carbon functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

COOH [4.6]
288.8 ± 0.3 eV
460 ± 90e
460 ± 120e

CO3+2 [4.7]
289.9 ± 0.2 eV
400 ± 100f
330 ± 80f

CO3-2 [4.8]
290.9 ± 0.5 eV
210 ± 40g
230 ± 70g

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Silane Treatment: Carbon High Resolution Peaks
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Figure 4.30. Representative carbon high resolution scans of the aldehyde treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.42. Oxygen functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

TiO [4.12]
530.8 ± 0.2 eV
840 ± 470a
500 ± 90a

SiO [4.17]
531.9 ± 0.5 eV
--1650 ± 830

SiOx [4.18]
532.9 ± 0.2 eV
4000 ± 1160b
5160 ± 2290b

SiO2 [4.19]
533.6 ± 0.3 eV
5430 ± 800
3420 ± 730

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.43. Oxygen functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

C-O [4.20]
534.6 ± 0.3 eV
1680 ± 450c
1310 ± 1360c

C=O [4.21]
535.5 ± 0.2 eV
370 ± 90
1190*

Values with the same superscript are not statistically different at the 5% significance level.
* Only one observation at given binding energy.
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Aldehyde Silane Treatment: Oxygen High Resolution Peaks
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Figure 4.31. Representative oxygen high resolution scans of the aldehyde treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.44. Silicon functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

SiOx [4.27]
101.6 ± 0.1 eV
--170 ± 0

SiO [4.28]
102.6 ± 0.2 eV
710 ± 380a
1010 ± 410a

SiO3 [4.29]
103.5 ± 0.3 eV
1150 ± 180b
960 ± 160b

SiO2 [4.30]
104.5 ± 0.3 eV
530 ± 280c
420 ± 350c

SiO2 [4.31]
105.4 ± 0.3 eV
120 ± 50d
240 ± 100d

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Silane Treatment: Silicon High Resolution Peaks
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Figure 4.32. Representative silicon high resolution scans of the aldehyde treatment, silane step, on the two metal treatments.
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The passivated treatment is labeled (a), while the piranha treatment is labeled (b).

Table 4.45. Titanium functional group peak areas based on XPS high resolution scans of the aldehyde treatments, silane step (reaction
step 1b).
Metal Treatment
Passivated
Piranha

TiO2 [4.23]
457.6 ± 0.3 eV
150 ± 40
---

TiO [4.24]
458.8 ± 0.2 eV
500 ± 300a
180 ± 150a

TiO2 [4.26]
459.9 ± 0.3 eV
200 ± 90b
120 ± 90b

TiC [4.25]
460.2 ± 0.2 eV
--750 ± 170

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Silane Treatment: Titanium High Resolution Peaks
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Figure 4.33. Representative titanium high resolution scans of the aldehyde treatment, silane step, on the two metal treatments.
229

The passivated treatment is labeled (a), while the piranha treatment is labeled (b).
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4.3.3.2 Passivated Metal Treatment: Comparing Reaction Steps
The percentage means and standard deviations calculated from the survey scans
of each step of the aldehyde reaction series on passivated metal are shown in Table 4.46,
while the peak area means and standard deviations are shown in Table 4.47. Figure 4.34
shows representative survey scans of each of the reaction steps. By examining the
reaction series, several trends were seen. The percentage of carbon initially showed a
statistical decrease from the passivated step to the aldehyde step, with values of 65 ± 3 %
and 50 ± 3 %, respectively. A statistical increase was then seen from the aldehyde step to
the chitosan step, with a final value of 63 ± 3 %. The peak area of carbon showed a
different trend; there was no statistical difference between the passivated step and the
aldehyde step, while there was a significant increase between the aldehyde step and the
chitosan step, with values of 19570 ± 1320 per unit area and 23910 ± 1140 per unit area,
respectively.
The percentage of oxygen showed no significant change between the passivated
step and the aldehyde step, while there was a significant decrease from the aldehyde step
to the chitosan step, with values of 32 ± 4 % and 25 ± 2 %, respectively. The peak area
of oxygen showed a different trend; there was a significant increase in peak area between
the passivated step and the aldehyde reaction step, with values of 21920 ± 1590 per unit
area and 30740 ± 3120 per unit area. However, a significant decrease from the aldehyde
reaction step to the chitosan reaction step did still exist, with a final value of 23270 ±
1840 per unit area.
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Silicon was not present on the surface of the passivated metal. After the aldehyde
reaction step (1b), a significant increase of silicon was seen in both the percentage and
peak area, with values of 17 ± 2 % and 5860 ± 580 per unit area, respectively. A
significant decrease was seen in both the percentage and peak area following the chitosan
reaction step, with values of 6 ± 2 % and 2030 ± 560 per unit area, respectively.
Titanium was not present on the surface of the chitosan film, but was present on
the passivated surface and following the aldehyde reaction step (reaction step 1b). A
significant decrease from the passivated surface to the aldehyde reaction step was seen,
with values of 6 ± 2 % and 1 ± 1 %, respectively. The peak area of titanium showed the
same decreasing trend, with values of 11780 ± 4660 per unit area and 2220 ± 1410 per
unit area, respectively.

Table 4.46. Elemental percentage based on XPS survey scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

Carbon
65 ± 3 %
50 ± 3 %
63 ± 3 %

Oxygen
30 ± 2a %
32 ± 4a %
25 ± 2 %

Titanium
6±2%
1±1%
---

Silicon
--17 ± 2 %
6±2%

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.47. Elemental peak areas based on XPS survey scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

Carbon
19480 ± 1140a
19570 ± 1320a
23910 ± 1140

Oxygen
21920 ± 1590
30740 ± 3120
23270 ± 1840

Titanium
11780 ± 4660
2220 ± 1410
---

Silicon
--5860 ± 580
2030 ± 560

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.34. Representative survey scans of the aldehyde reaction series on passivated metal.
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The passivated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.48 – 4.53. Tables 4.48 – 4.49 show the peaks from the high resolutions scans of
carbon; there were seven carbon peaks present, only three of the peaks were present in all
three reactions. The C peak, located at 284.8 ± 0.2 eV, was present on both the
passivated surface and following the aldehyde reaction surface; it was not statistically
different. The C – C peak, located at 285.5 ± 0.2 eV, dropped significantly from the
passivated metal to the aldehyde reaction step (1b), from 4140 ± 300 per unit area to
3570 ± 330 per unit area, respectively. There were no statistical differences between
reaction steps 1b and 2b. The C – O peak, located at 286.3 ± 0.2 eV, was not present on
the passivated surface; it increased significantly from the aldehyde reaction (1b), with a
value of 1490 ± 210 per unit area, to the chitosan reaction (2b), with a value of 2030 ±
500 per unit area. The peak located at 287.2 ± 0.3 eV was identified as C = O. There
was a significant decrease from the passivated metal to the aldehyde reaction step (1b), as
well as a significant increase from the aldehyde reaction step to the chitosan reaction step
(2b). The COOH peak, located at 288.6 ± 0.2 eV, was not present on the passivated
surface; it increased significantly from the aldehyde reaction step to the chitosan reaction
step, with a starting value of 460 ± 90 per unit area to a final value of 1020 ± 100 per unit
area. The peak located at 290 ± 0.3 eV was identified as CO3+2. A significant decrease
was seen between the passivated surface and the aldehyde reaction step, with values of
590 ± 40 per unit area and 400 ± 100 per unit area, respectively, while no significant
changes were seen between the aldehyde reaction step and the chitosan reaction step.
The last remaining peak, CO3-2, was present only on the aldehyde reaction surface (1b)
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and was located at 290.7 ± 0.4 eV. Figure 4.35 shows the differences in the peak areas of
carbon on the surface following the three reaction steps on the passivated metal surface.

Table 4.48. Carbon functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

C [4.1]
284.8 ± 0.2 eV
1590 ± 630a
1580 ± 440a
---

C-C [4.2]
285.5 ± 0.2 eV
4140 ± 300
3570 ± 330b
3720 ± 310b

C-O [4.3]
286.3 ± 0.2 eV
--1490 ± 210
2030 ± 500

C=O [4.5]
287.3 ± 0.3 eV
1350 ± 250
720 ± 120
2460 ± 310

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.49. Carbon functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

COOH [4.6]
288.6 ± 0.2 eV
--460 ± 90
1020 ± 100

CO3+2 [4.7]
289.6 ± 0.3 eV
590 ± 40
400 ± 100c
340 ± 40c

CO3-2 [4.8]
290.7 ± 0.4 eV
--210 ± 40
---

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Passivated Metal Treatment: Carbon High Resolution Peaks
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Figure 4.35. Representative carbon high resolution scans of the aldehyde reaction series on passivated metal.
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The passivated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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Tables 4.50 – 4.51 show the peaks from the high resolutions scans of oxygen;
there were six oxygen peaks present, with only three of the peaks present in all three
reactions. The peak located at 530.6 ± 0.3 eV, identified as TiO, shows a significant
decrease from the passivated step through the aldehyde reaction step (1b) and was not
present following the chitosan reaction step (2b). The peak located at 531.4 ± 0.1 eV was
identified as – OH on the passivated surface and SiO following the chitosan reaction step;
it was not present following the aldehyde reaction. The peak located at 532.6 ± 0.1 eV
was identified as C – O on the passivated surface and SiOx following the aldehyde
reaction and the chitosan reaction. A significant decrease was seen from the aldehyde
reaction step to the chitosan reaction step, with values of 4000 ± 1160 per unit area and
2500 ± 520 per unit area, respectively. The peak identified as – (OH)3-3 on the passivated
surface and SiO2 following the aldehyde reaction and the chitosan reaction was located at
533.5 ± 0.2 eV. A significant decrease was seen from the aldehyde reaction to the
chitosan surface, with values of 5430 ± 800 per unit area and 4000 ± 330 per unit area,
respectively. The peak located at 534.5 ± 0.3 eV was identified as C – O; a significant
increase was seen from the passivated surface to the aldehyde reaction surface, with
values of 570 ± 130 per unit area and 1680 ± 450 per unit area, respectively. There was
no significant change between the aldehyde reaction step and the chitosan reaction step.
The last peak, identified as C = O and located at 535.5 ± 0.2 eV, was not present on the
passivated surface. There was also no significant change between the aldehyde reaction
step and the chitosan reaction step. Figure 4.36 shows the differences in the peak areas of
oxygen on the surface following the three reaction steps on the passivated metal surface.

Table 4.50. Oxygen functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

TiO [4.12]
530.6 ± 0.3 eV
3330 ± 790
840 ± 470
---

-OH [4.13] / SiO [4.17]
531.4 ± 0.1 eV
1920 ± 200
--720 ± 220

C-O [4.14] / SiOx [4.18]
532.6 ± 0.1 eV
2160 ± 290
4000 ± 1160
2500 ± 520

-(OH)3-3 [4.15] / SiO2 [4.19]
533.5 ± 0.2 eV
1650 ± 270
5430 ± 800
4000 ± 330

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.51. Oxygen functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

C-O [4.20]
534.5 ± 0.3 eV
570 ± 130
1680 ± 450a
1860 ± 460a

C=O [4.21]
535.5 ± 0.2 eV
--370 ± 90b
280 ± 80b

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Passivated Treatment: Oxygen High Resolution Peaks
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Figure 4.36. Representative oxygen high resolution scans of the aldehyde reaction series on passivated metal.
243

The passivated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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Table 4.52 shows the peaks from the high resolution scans of silicon; there were
no silicon peaks present on the passivated surface, while there were five peaks present,
with two of the peaks present on the two reaction surfaces. The peak located at 101.9 eV
was identified as SiOx; only one scan out of nine indicated the presence of this peak on
the chitosan surface. The peak located at 102.5 ± 0.2 eV was identified as SiO and was
present on both the aldehyde reaction surface and the chitosan reaction surface; there was
no significant change between the two reaction steps. The next peak, identified as SiO3,
was located at 103.5 ± 0.2 eV; a significant decrease was seen between the aldehyde
reaction step and the chitosan reaction step, with a value of 1150 ± 180 per unit area and
210 ± 90 per unit area, respectively. The fourth peak, identified as SiO2 and located at
104.3 ± 0.3 eV, was not present on the chitosan reaction step; the fifth peak, identified as
SiO2 and located at 105.4 ± 0.3 eV, was also not present on the chitosan reaction step.
Figure 4.37 illustrates the differences of the silicon peak following the two reaction steps
on the passivated metal; the passivated metal was not shown as there was no silicon
present.

Table 4.52. Silicon functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

SiOx [4.27]
101.8* eV
----170*

SiO [4.28]
102.5 ± 0.2 eV
--710 ± 380a
510 ± 120a

SiO3 [4.29]
103.5 ± 0.2 eV
--1150 ± 180
210 ± 90

Si(IV) [4.30]
104.3 ± 0.3 eV
--530 ± 280
---

SiO2 [4.31]
105.4 ± 0.3 eV
--120 ± 50
---

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Aldehyde Passivated Metal Treatment: Silicon High Resolution Peaks
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Figure 4.37. Representative silicon high resolution scans of the aldehyde reaction series on passivated metal.
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The aldehyde silane reaction (reaction step 1b) is labeled (a). The chitosan reaction (reaction step 2b) is labeled (b).
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Table 4.53 shows the peaks from the high resolution scans of titanium; there were
no titanium peaks present following the chitosan reaction step. There were four peaks
present, with one peak located on only the passivated surface and one peak located only
on the surface of the metal following the aldehyde reaction step. The peak located at
457.6 ± 0.3 eV was identified as TiO2, it was present only following the aldehyde
reaction step. The peak located at 458.6 ± 0.2 eV was identified as TiO. A significant
decrease was seen from the passivated surface to the aldehyde reaction, with values of
1060 ± 150 per unit area and 500 ± 300 per unit area, respectively. The third peak,
located at 459.6 ± 0.4 eV, was identified as TiO2; a significant decrease from the
passivated surface to the aldehyde reaction was seen, with values of 2640 ± 560 per unit
area and 200 ± 90 per unit area, respectively. The last peak, located at 460.6 eV, was
identified as TiC; it was present only on the passivated surface and was only present in
one scan out of nine scans. Figure 4.38 illustrates the differences of the titanium peak
following the two reaction steps on the passivated metal; the chitosan reaction step was
not shown as there was no titanium present.
By looking at the two different surfaces on the passivated metal surface,
significant changes between the reaction species were seen. An overall increase of the
C = O peak indicated that the aldehyde silane molecule did bind to the passivated metal
surface, while an overall decrease of the TiO peak further indicated that the anticipated
surface reactions had occurred. The presence of SiO, SiO2, and SiO3 further proved that
the anticipated reaction between the passivated surface and the aldehyde silane occurred
as expected.

Table 4.53. Titanium functional group peak areas based on XPS high resolution scans of passivated metal using aldehyde silane.
Reaction Step
Passivated
Aldehyde (1b)
Chitosan (2b)

TiO2 [4.23]
457.6 ± 0.3 eV
--150 ± 40
---

TiO [4.24]
458.6 ± 0.2 eV
1060 ± 150
500 ± 300
---

TiO2 [4.26]
459.6 ± 0.4 eV
2640 ± 560
200 ± 90
---

TiC [4.25]
460.6* eV
420*
-----

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Aldehyde Passivated Treatment: Titanium High Resolution Peaks
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Figure 4.38. Representative titanium high resolution scans of the aldehyde reaction series on passivated metal.
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The passivated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b).
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4.3.3.3 Piranha Treated Metal: Comparing Reaction Steps
The percentage means and standard deviations calculated from the survey scans
of each step of the aldehyde reaction series on the piranha treated metal are shown in
Table 4.54, while the peak area means and standard deviations are shown in Table 4.55.
Figure 4.39 shows representative survey scans of each of the reaction steps. By
examining the reaction series, several trends were seen. The percentage of carbon
initially showed a statistical increase from the piranha treated metal to the aldehyde step
(1b), with values of 40 ± 1 % and 53 ± 3 %, respectively. Another statistical increase
was seen from the aldehyde step to the chitosan step (2b), with a final value of 65 ± 1 %.
The peak area of carbon showed the same trend, with a statistical increase from the
piranha treated metal through the aldehyde reaction step to the final chitosan reaction
step.
The percentage of oxygen showed a significant decrease from the piranha treated
surface to the aldehyde reaction step, with values of 45 ± 1 % and 30 ± 3 %, respectively.
Another significant decrease was seen from the aldehyde reaction step to the chitosan
reaction step, ending with a final value of 26 ± 1 %. The same trend was seen in the
oxygen peak area; a significant decrease in the amount of oxygen occurred between the
piranha treated metal and the aldehyde reaction step, along with a significant decrease
between the aldehyde reaction step and the chitosan reaction step.
Silicon was not present on the piranha treated surface, but was present following
the aldehyde reaction step (1b) and the chitosan reaction step (2b). After the aldehyde
reaction step, a significant increase of silicon was seen in both the percentage and peak
area, with values of 16 ± 1 % and 5640 ± 280 per unit area, respectively. A significant

251
decrease was seen in both the percentage and peak area following the chitosan reaction
step, with values of 2 ± 2 % and 770 ± 530 per unit area, respectively.
Titanium was not present on the surface of the chitosan film, but was present on
the piranha treated surface and following the aldehyde reaction step (1b). A significant
decrease from the piranha treated surface to the aldehyde reaction step was seen, with
values of 15 ± 2 % and 0 ± 1 %, respectively. The peak area of titanium showed the
same decreasing trend, with values of 3340 ± 5640 per unit area and 760 ± 920 per unit
area, respectively.

Table 4.54. Elemental percentage based on XPS survey scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

Carbon
40 ± 1 %
53 ± 3 %
64 ± 1 %

Oxygen
44 ± 1 %
30 ± 3 %
26 ± 1 %

Titanium
15 ± 2 %
0±1%
---

Silicon
--16 ± 1 %
2±2%

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.55. Elemental peak areas based on XPS survey scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

Carbon
12430 ± 660
20310 ± 970
24790 ± 730

Oxygen
34410 ± 1340
28480 ± 2780
24750 ± 1050

Titanium
33400 ± 5640
760 ± 920
---

Silicon
--5640 ± 280
770 ± 530

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Piranha Treated Metal Survey Scan
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Figure 4.39. Representative survey scans of the aldehyde reaction series on the piranha treated metal.
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The piranha treated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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The means and standard deviations of the high resolutions scans are shown in
Tables 4.56 – 4.61. Tables 4.56 – 4.57 show the peaks from the high resolutions scans of
carbon; there were seven carbon peaks present, only four of the peaks were present in all
three reactions. The first peak, identified as C and located at 284.8 ± 0.1 eV, was present
on all three reaction surfaces; there were no statistical differences between the three
reaction steps. The C – C peak, located at 285.6 ± 0.1 eV, also showed no statistical
differences between the three reaction steps. The C – O peak, located at 286.6 ± 0.2 eV,
was not present on the piranha treated surface. It increased significantly from the piranha
treated surface to the aldehyde reaction surface, while there were no significant changes
between the aldehyde reaction surface and the chitosan reaction surface. The fourth
peak, located at 287.3 ± 0.4 eV, was identified as C = O. There was a no significant
change between the piranha treated surface and the aldehyde reaction surface; however,
there was a significant increase from the aldehyde reaction step to the chitosan reaction
step, with values of 860 ± 410 per unit area and 2490 ± 690 per unit area, respectively.
The COOH peak, located at 288.8 ± 0.2 eV, was not present on the piranha treated
surface; it increased significantly from the aldehyde reaction step to the chitosan reaction
step, with a starting value of 460 ± 120 per unit area to a final value of 1120 ± 90 per unit
area. The peak located at 289.6 ± 0.4 eV was identified as CO3+2. There were no
significant changes between the three reaction steps. The last remaining peak, CO3-2, was
not present on the piranha treated surface; it was located at 290.8 ± 0.5 eV. The amount
present was not statistically different between the aldehyde reaction step and the chitosan
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reaction step. Figure 4.40 shows the differences in the peak areas of carbon on the
surface following the three reaction steps on the piranha treated metal surface.

Table 4.56. Carbon functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

C [4.1]
284.8 ± 0.1 eV
1270 ± 270a
1830 ± 1050a
750 ± 160a

C-C [4.2]
285.6 ± 0.1 eV
2590 ± 230b
3240 ± 350b
3030 ± 1250b

C-O [4.3]
286.6 ± 0.2 eV
--1730 ± 890c
2660 ± 650c

C=O [4.5]
287.3 ± 0.4 eV
670 ± 60d
860 ± 410d
2490 ± 690

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.57. Carbon functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

COOH [4.6]
288.8 ± 0.2 eV
--460 ± 120
1120 ± 90

CO3+2 [4.7]
289.6 ± 0.4 eV
370 ± 30e
330 ± 80e
540 ± 340e

CO3-2 [4.8]
290.8 ± 0.5 eV
--230 ± 70f
230 ± 40f

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Piranha Treated Metal: Carbon High Resolution Peaks
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Figure 4.40. Representative carbon high resolution scans of the aldehyde reaction series on the piranha treated metal.
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The piranha treated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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Tables 4.58 – 4.59 show the peaks from the high resolutions scans of oxygen;
there were six oxygen peaks present, with only two of the peaks present in all three
reactions. The peak located at 530.5 ± 0.2 eV and identified as TiO showed a significant
decrease from the piranha treated metal through the aldehyde reaction step (1b) and was
not present following the chitosan reaction step (2b). The peak located at 531.5 ± 0.4 eV
was identified as – OH on the piranha treated surface and SiO following the aldehyde
reaction step; it was not present following the chitosan reaction. The peak located at
532.4 ± 0.4 eV was identified as C – O on the piranha treated surface and SiOx following
the aldehyde reaction and the chitosan reaction. A significant decrease was seen from the
aldehyde reaction step to the chitosan reaction step, with values of 5160 ± 2290 per unit
area and 1600 ± 530 per unit area, respectively. The peak identified as – (OH)3-3 on the
piranha treated surface and SiO2 following the aldehyde reaction and the chitosan
reaction was located at 533.5 ± 0.3 eV. There was no significant change between the
aldehyde reaction and the chitosan reaction. The peak located at 534.5 ± 0.4 eV was
identified as C – O and was not present on the piranha treated surface; no significant
changes were seen between the aldehyde reaction and the chitosan reaction. However,
the peak was seen only once out of nine scans on the aldehyde reaction surface. The last
peak, identified as C = O and located at 535.3 ± 0.2 eV, was not present on the passivated
surface. There was also no significant change between the aldehyde reaction step and the
chitosan reaction step, although there was only one scan out of nine that showed the peak
following the aldehyde reaction surface. Figure 4.41 shows the differences in the peak
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areas of oxygen on the surface following the three reaction steps on the piranha treated
metal surface.

Table 4.58. Oxygen functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

TiO [4.12]
530.5 ± 0.2 eV
6970 ± 250
500 ± 90
---

-OH [4.13] / SiO [4.17]
531.5 ± 0.4 eV
3830 ± 350
1650 ± 830
---

C-O [4.14] / SiOx [4.18]
532.4 ± 0.4 eV
2120 ± 350
5160 ± 2290
1600 ± 530

-(OH)3-3 [4.15] / SiO2 [4.19]
533.5 ± 0.3 eV
850 ± 40
3420 ± 730a
3950 ± 910a

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.59. Oxygen functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

C-O [4.20]
534.5 ± 0.4 eV
--1310 ± 1360b
3740 ± 1020b

C=O [4.21]
535.3 ± 0.2 eV
--1190c*
790 ± 480c

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Aldehyde Piranha Treated Metal: Oxygen High Resolution Peaks
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Figure 4.41. Representative oxygen high resolution scans of the aldehyde reaction series on the piranha treated metal.
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The piranha treated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b). The chitosan reaction
(reaction step 2b) is labeled (c).
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Table 4.60 shows the peaks from the high resolution scans of silicon; there were
no silicon peaks present on the piranha treated surface, while there were five peaks
present, with three of the peaks present on the two reaction surfaces. The peak located at
102.0 ± 0.3 eV was identified as SiOx; only one scan out of nine indicated the presence of
this peak on the aldehyde surface; there were no statistical differences between the
aldehyde surface and the chitosan surface. The peak located at 102.8 ± 0.3 eV was
identified as SiO and was present on both the aldehyde reaction surface and the chitosan
reaction surface; there was a significant decrease between the aldehyde surface and the
chitosan surface, with values of 1010 ± 410 per unit area and 260 ± 120 per unit area,
respectively. The next peak, identified as SiO3, was located at 103.7 ± 0.2 eV; a
significant decrease was seen between the aldehyde reaction step and the chitosan
reaction step, with values of 960 ± 160 per unit area and 150 ± 50 per unit area,
respectively. The fourth peak, identified as SiO2 and located at 104.7 ± 0.3 eV, was not
present on the chitosan reaction step; the fifth peak, identified as SiO2 and located at
105.6 ± 0.2 eV, was also not present on the chitosan reaction step. Figure 4.42 illustrates
the differences of the silicon peak following the two reaction steps on the piranha treated
metal; the passivated metal was not shown as there was no silicon present.

Table 4.60. Silicon functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

SiOx [4.27]
102.0 ± 0.3 eV
--170a*
130 ± 100a

SiO [4.28]
102.8 ± 0.3 eV
--1010 ± 410
260 ± 120

SiO3 [4.29]
103.7 ± 0.2 eV
--960 ± 160
150 ± 50

SiO2 [4.30]
104.7 ± 0.3 eV
--420 ± 340
---

SiO2 [4.31]
105.6 ± 0.2 eV
--240 ± 100
---

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Aldehyde Piranha Treated Metal: Silicon High Resolution Peaks
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Figure 4.42. Representative silicon high resolution scans of the aldehyde reaction series on the piranha treated metal.
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The aldehyde silane reaction (reaction step 1b) is labeled (a). The chitosan reaction (reaction step 2b) is labeled (b).
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Table 4.61 shows the peaks from the high resolution scans of titanium; there were
no titanium peaks present following the chitosan reaction step. There were three peaks
present, with one peak located on only the piranha treated surface. The peak located at
458.5 ± 0.33 eV was identified as TiO2. A significant decrease was seen from the
piranha treated surface to the aldehyde reaction, with values of 1010 ± 350 per unit area
and 180 ± 150 per unit area, respectively. The third peak, located at 459.5 ± 0.4 eV, was
identified as TiO; a significant decrease from the piranha treated surface to the aldehyde
reaction was seen, with values of 6860 ± 460 per unit area and 120 ± 90 per unit area,
respectively. The last peak, located at 460.2 ± 0.2 eV, was identified as TiC; it was
present only on the piranha treated surface. Figure 4.43 illustrates the differences of the
titanium peak following the two reaction steps on the piranha treated metal; the chitosan
reaction step was not shown as there was no titanium present.
By looking at the two different surfaces on the piranha treated metal surface,
significant changes between the reaction species were seen. The presence of the COOH
peak indicated that the aldehyde silane was deposited on the surface and then possibly
reacted with the ethanol rinse. An overall decrease of the TiO peak further indicated that
the anticipated surface reactions had occurred. The presence of SiO, SiO2, and SiO3
further proved that the anticipated reaction between the passivated surface and the amino
silane had occurred.

Table 4.61. Titanium functional group peak areas based on XPS high resolution scans of piranha treated metal using aldehyde silane.
Reaction Step
Piranha
Aldehyde (1b)
Chitosan (2b)

TiO2 [4.23]
458.5 ± 0.3 eV
1010 ± 350
180 ± 150
---

TiO [4.24]
459.5 ± 0.4 eV
6860 ± 460
120 ± 90
---

TiC [4.25]
460.2 ± 0.2 eV
750 ± 170
-----

Values with the same superscript are not statistically different at the 5% significance level.
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Aldehyde Piranha Treated Metal: Titanium High Resolution Peaks
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Figure 4.43. Representative titanium high resolution scans of the aldehyde reaction series on the piranha treated metal.
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The piranha treated metal is labeled (a). The aldehyde silane reaction (reaction step 1b) is labeled (b).
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4.3.4 Chitosan Results
The results between the reactions steps could not be compared, since the silanes
end in two different terminal groups. However, the chitosan films can be compared
based on the silane used. Therefore, the chitosan results were analyzed in three different
ways. The first method compared the films with respect to both the metal treatment and
the silane treatment. The second method evaluated the films with respect to the metal
treatment, while the third method compared the films based to the silane treatment.
4.3.4.1 Chitosan Film Analysis based on Metal Treatment and Silane Treatment
The means and standard deviations from the survey scans of the chitosan films on
the four different treatment combinations based on percentage are shown in Table 4.62.
The peak areas of the four chitosan films are shown in Tables 4.63 and 4.64. In order to
keep track of the different treatment combinations, the following abbreviations were
used: Passivated Metal combined with Aldehyde Silane – PaAl, Piranha Treated Metal
combined with Aldehyde Silane – PiAl, Passivated Metal combined with Amino Silane –
PaAm, Piranha Treated Metal combined with Amino Silane – PiAm.
Based on percentage, the PiAm was significantly higher than the other three
treatments, PaAl, PaAm, and PiAl. The peak area of carbon, however, shows that PaAm
and PiAm were statistically similar, while the peak areas of carbon present on PaAl and
PiAl were significantly higher; the peak area of carbon on the PaAl film was 23910 ±
1140 per unit area while the peak area of carbon on the PiAl film was 24790 ± 730 per
unit area, which were both significantly higher than either PaAm or PiAm. The
percentage of oxygen indicated no statistical change between PaAl and the PiAm. The
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other two treatment combinations were statistically higher, with PiAl significantly higher
than PaAm.
The amount of nitrogen present was not significantly different between the four
treatment combinations, based on both the percentage and the peak area. Calcium was
also not statistically different between the four treatment combinations based on
percentage and peak area.
The amount of silicon was not statistically different between PaAm and PiAm
based on both percentage and peak area; however, PaAl was significantly higher than
either PaAm or PiAm, with a value of 6 ± 2 % as compared to 0 ± 1 %, respectively. The
amount of silicon on PiAl, based on both percentage and peak area, was also significantly
higher than either PaAm or PiAl. The percentage and peak area of phosphorous was not
significantly different between the four treatment combinations. Figure 4.44 shows the
surface scans of the chitosan films based on the four treatment combinations.

Table 4.62. Elemental percentage based on XPS survey scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

Carbon
63 ± 3b %
65 ± 1a %
64 ± 1a,b %
68 ± 1 %

Oxygen
25 ± 2c %
28 ± 1 %
26 ± 1 %
25 ± 1c %

Nitrogen
5 ± 1d %
6 ± 1d %
5 ± 1d %
5 ± 1d %

Calcium
1 ± 1e %
1 ± 1e %
1 ± 1e %
1 ± 1e %

Silicon
6±2%
0 ± 1f %
2±2%
1 ± 1f %

Phosphorous
1 ± 1g %
0 ± 1g %
1 ± 1g %
0 ± 1g %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.63. Elemental peak areas based on XPS survey scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

Carbon
23910 ± 1140
22730 ± 680a
24790 ± 730
23110 ± 460a

Oxygen
23270 ± 1840b
23490 ± 1200b
24750 ± 1050
20470 ± 1240

Nitrogen
2930 ± 820c
3220 ± 600c
3230 ± 450c
2890 ± 290c

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.64. Elemental peak areas based on XPS survey scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

Calcium
1750 ± 630d
1200 ± 1000d
2190 ± 740d
1590 ± 610d

Silicon
2030 ± 560
50 ± 160e
770 ± 530
210 ± 230e

Phosphorous
330 ± 170f
160 ± 220f
420 ± 210f
120 ± 180f

Values with the same superscript are not statistically different at the 5% significance level.
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Chitosan Films by Treatment Combinations: Chitosan Films
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Figure 4.44. Representative survey scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and amino
silane (PiAm) is labeled (d).
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Tables 4.65 – 4.70 show the high resolution scans of five of the six elements
present. The scan of phosphorous could not be analyzed as the peak area was too small
to analyze accurately. Tables 4.65 – 4.66 show the peaks from the high resolution scans
of carbon; there were seven peaks present, of which all but two of the peaks were present
on all of the chitosan films. The first peak, located at 284.8 ± 0.2 eV, was identified as C;
it was not present on PaAl or PiAm. The C peak was present on both the PaAm and PiAl
surfaces, with no statistical difference between the two combinations. The second peak,
located at 285.6 ± 0.2 eV, was identified as C – C; the peak was present on all four films,
but no significant change was seen between PaAl, PaAm, and PiAl. A significant
decrease was seen when examining the PiAm surface. The peak located at 286.6 ± 0.3
eV was identified as C – O; the PaAm surface and the PiAl surface were not significantly
different. The PaAl surface was significantly less than the PaAm and PiAl surfaces, with
a value of 2030 ± 500 per unit area compared to 2640 ± 510 per unit area, while the
PiAm surface was significantly higher, with a value of 3690 ± 165 per unit area. The
C – N – H peak, located at 287.6 ± 0.3 eV, was not significantly different between the
four treatment combinations. The fifth peak, located at 288.7 ± 0.2 eV and identified as
C = O, was not statistically different between the PaAl, PaAm, and PiAl surfaces. The
PiAm surface was significantly higher than the other three surfaces, with a value of 1660
± 420 per unit area compared to 1120 ± 90 per unit area, respectively. The CaCO3 peak,
located at 289.9 ± 0.2 eV, was not significantly different when comparing the PaAl,
PaAm, and PiAl surfaces; however, the PiAm surface had a significantly higher peak area
than the three other films, with a value of 950 ± 90 per unit area compared to 540 ± 340
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per unit area, respectively. The final peak, located at 290.8 ± 0.3 eV, was not present on
PaAl or PaAm; the two surfaces, PiAl and PiAm, were not statistically different. Figure
4.45 shows the differences of the high resolution scans of carbon for each of the four
treatment combinations.

Table 4.65. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

C [4.1]
284.8 ± 0.2 eV
--820 ± 80a
750 ± 160a
---

C-C [4.2]
285.6 ± 0.2 eV
3720 ± 310b
2540 ± 1100b
3030 ± 1250b
530 ± 220

C-O [4.3]
286.6 ± 0.3 eV
2030 ± 500
2640 ± 510c
2660 ± 650c
3690 ± 160

C-N-H [4.9]
287.6 ± 0.3 eV
2460 ± 310d
2430 ± 820d
2490 ± 680d
2580 ± 380d

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.66. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

C=O [4.10]
288.7 ± 0.2 eV
1020 ± 100e
1120 ± 100e
1120 ± 90e
1660 ± 420

CaCO3 [4.37]
289.9 ± 0.2 eV
340 ± 40f
400 ± 210f
540 ± 340f
950 ± 90

N-C [4.11]
290.8 ± 0.3 eV
----230 ± 40g
290 ± 20g

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.45. Representative carbon high resolution scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and
amino silane (PiAm) is labeled (d).
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Table 4.67 shows the peaks from the high resolution scans of oxygen; there were
five peaks present, with all but one of the peaks present on all four films produced by the
treatment combinations. The first peak, located at 531.6 ± 0.2 eV and identified as
CaCO3, was not present on the PiAl surface. It was present on the PaAl, PaAm, and
PiAm surfaces, but there were not significant differences between the three films. The
CaO peak, located at 532.5 ± 0.4 eV, was present on all four surfaces. There were no
statistical differences between the PaAl and PaAm surfaces, while there was a significant
decrease seen between the PaAl and PiAl surfaces, with values of 2500 ± 520 per unit
area and 1600 ± 530 per unit area, respectively. There also were no significant changes
seen between the PiAl and PiAm surfaces, while there was a significant decrease seen
between the PaAm and PiAm surfaces, with values of 1860 ± 640 per unit area and 1010
± 160 per unit area, respectively. The third peak, identified as SiO2 and located at 533.5
± 0.3 eV, showed no significant change between PaAl, PaAm, and PiAl, while a
significant decrease was seen between PiAl and PiAm, with values of 3950 ± 910 per unit
area and 2690 ± 340 per unit area, respectively. The NO peak, located at 534.4 ± 0.3 eV,
was not significantly different between the PaAl and PaAm surfaces, nor was it
significantly different between the PaAm, PiAl, and PiAm surfaces; however, there was a
significant increase seen between the PaAl and PiAl surfaces, with values of 1860 ± 460
per unit area and 3740 ± 1020 per unit area, respectively. The final peak, located at 535.5
± 0.3 eV and identified as C = O, was not significantly different between the four film
surfaces. Figure 4.46 shows the differences of the high resolution scans of oxygen for
each of the four treatment combinations.

Table 4.67. Oxygen functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

CaCO3 [4.38]
531.6 ± 0.2 eV
730 ± 220a
650 ± 340a
--200 ± 20a

CaO [4.39]
532.5 ± 0.4 eV
2500 ± 520a
1860 ± 640a,b
1600 ± 530b,c
1010 ± 160c

SiO2 [4.19]
533.5 ± 0.3 eV
4000 ± 330d
4230 ± 1000d
3950 ± 910d
2690 ± 340

NO [4.22]
534.4 ± 0.3 eV
1860 ± 460e
2410 ± 1130e,f
3740 ± 1020f
3920 ± 370f

C=O [4.21]
535.5 ± 0.3 eV
280 ± 80g
560 ± 380g
790 ± 480g
890 ± 250g

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.46. Representative oxygen high resolution scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and
amino silane (PiAm) is labeled (d).
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Table 4.68 shows the peaks from the high resolution scans of calcium; there were
three peaks present, with only one peak present on all four films. The first peak,
identified as CaO and located at 347.8 ± 0.2 eV, was not present on the PiAm surface; it
also did not show any significant changes between the PaAl, PaAm, and PiAl surfaces.
The second peak, located at 348.7 ± 0.3 eV and identified as CaHPO4, was present on all
four films, but was not significantly different between the four treatment combinations.
The final peak, identified as CaCO3 and located at 349.4 ± 0.3 eV, was not present on the
PaAl surface; it was not significantly different between the PaAm, PiAl, and PiAm
surfaces. Figure 4.47 illustrates the differences of the high resolution scans of oxygen
based on the four treatment combinations.

Table 4.68. Calcium functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

CaO [4.40]
347.8 ± 0.2 eV
280 ± 70a
210 ± 190a
240 ± 80a
---

CaHPO4 [4.41]
348.7 ± 0.3 eV
150 ± 90b
230 ± 190b
290 ± 60b
280 ± 80b

CaCO3 [4.42]
349.4 ± 0.3 eV
--140 ± 240c
250 ± 40c
300 ± 20c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.47. Representative calcium high resolution scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and
amino silane (PiAm) is labeled (d).
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Table 4.69 shows the peaks from the high resolution scans of nitrogen; there were
four peaks present, with two of the peaks present on all four film surfaces. The N – C
peak, located at 399.8 ± 0.2 eV, was not significantly different between PaAl, PaAm, and
PiAl. There also were no statistical differences between the PaAl, PiAl, and PiAm peaks.
However, a significant increase was seen between the PaAm and PiAm peaks, with
values of 540 ± 230 per unit area and 750 ± 10 per unit area, respectively. The second
peak, located at 400.0 ± 0.2 eV and identified as C – N – H, was not statistically different
between PaAl and PiAl; it was also not significantly different between PaAm, PiAl, and
PiAm. However, a significant increase was seen between PaAl and PaAm, with values of
460 ± 100 per unit area and 630 ± 120 per unit area, respectively. A significant increase
between PaAl and PiAm was also seen, with values of 460 ± 100 per unit area and 760 ±
60 per unit area, respectively. The third peak, identified as NH4+ and located at 401.9 ±
0.2 eV, was present only on the PiAl and PiAm surfaces; there were no significant
differences between the two surfaces. The final peak, located at 402.4 ± 0.2 eV and
identified as NO, was present only on PaAl and PaAm surfaces, with no statistical
differences seen between the two surfaces. Figure 4.48 shows the differences between
the high resolution scans of nitrogen based on the four treatment combinations.

Table 4.69. Nitrogen functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

N-C [4.32]
399.8 ± 0.2 eV
440 ± 70a,b
540 ± 230a
400 ± 140a,b
750 ± 10b

C-N-H [4.33]
400.9 ± 0.2 eV
460 ± 100c
630 ± 120d
610 ± 120c,d
760 ± 60d

NH4+ [4.34]
401.9 ± 0.2 eV
----270 ± 40e
340 ± 70e

NO [4.36]
402.4 ± 0.2 eV
210 ± 40f
280 ± 110f
-----

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.48. Representative nitrogen high resolution scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and
amino silane (PiAm) is labeled (d).
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Table 4.70 shows the peaks from the high resolution scans of silicon; there were
three peaks present, but none of the peaks were present on all four film surfaces. The
first peak, located at 102.0 ± 0.2 eV and identified as SiOx, was not present on the PaAm
or PiAm surfaces. Only one scan out of nine scans indicated the presence of the peak on
the PaAl surface, which was not statistically different from the PiAl surface. The SiO
peak, located at 102.8 ± 0.2 eV, was not present on the PiAm surface. All four surfaces
were significantly different. A major decrease occurred between the PaAl surface and the
PaAm surface, with values of 510 ± 120 per unit area and 20 ± 60 per unit area,
respectively, while a significant increase occurred between the PaAm and PiAl surfaces,
with a final value of 260 ± 120 per unit area. The PaAl and PiAl surfaces were also not
statistically similar. The final peak, identified as SiO3 and located at 103.7 ± 0.2 eV, was
not present on the PaAm surface. It was also not significantly different between the PaAl
and PiAl surface, nor was it significantly different between the PiAl and PiAm surfaces.
However, a significant decrease was seen between the PaAl and PiAm surfaces, with
values of 210 ± 93 per unit area and 60 ± 90 per unit area, respectively. Figure 4.49
illustrates the differences between the high resolution scans of silicon based on the four
treatment combinations.
By comparing the films produced by using the four treatment combinations, some
minor changes were noticed. Most of these changes, including changes to the C – O,
C = O, and C – N – H peaks, were likely caused by the arrangement of the chitosan
chains, which was caused by the polar nature of the amine group positioning itself to be
with the polar water molecules. The other changes, including the changes in the peak
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areas of CaCO3 and SiO2, were likely the result of incomplete demineralization, possibly
caused by the different amounts of the compounds taken in by the different shellfish used
to create the chitosan powder. All of the changes were minimal, showing the four
treatment combinations did not affect the chemical structure of the chitosan.

Table 4.70. Silicon functional group peak areas based on XPS high resolution scans of the chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

SiOx [4.27]
102.0 ± 0.2 eV
170a*
--130 ± 100a
---

SiO [4.28]
102.8 ± 0.2 eV
510 ± 120
20 ± 60
260 ± 120
---

SiO3 [4.29]
103.7 ± 0.2 eV
210 ± 90a
--150 ± 50a,b
60 ± 90b

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Figure 4.49. Representative silicon high resolution scans of the chitosan films by treatment combination.
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The treatment combination of passivated metal and aldehyde silane (PaAl) is labeled (a), passivated metal and amino silane
(PaAm) is labeled (b), piranha treated metal and aldehyde silane (PiAl) is labeled (c), and the piranha treated metal and
amino silane (PiAm) is labeled (d).
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Based on the statistical analysis, there were several elements that were not
statistically different. Therefore, analysis was performed on the metal treatment and the
silane treatment in order to determine if there were any changes that were related to one
of the two treatments that were not present when examining the four treatment
combinations.
4.3.4.2 Chitosan Film Analysis based on Metal Treatment
The means and standard deviations from the survey scans of the chitosan films
based on the two metal treatments are shown in Table 4.71 and are based on percentage.
The peak areas of the chitosan films based on metal treatment are shown in Tables 4.72
and 4.73. Based on percentage, the carbon peak on the passivated metal was significantly
lower than the carbon peak on the piranha treated metal, with values of 64 ± 2 % and 66
± 2 %. The peak area of the carbon indicated the same trend, with a significantly lower
amount present on the passivated metal as compared to the piranha treated metal.
The oxygen peak on the passivated metal was significantly higher than the
piranha treated metal, based on percentage, with values of 26 ± 2 % and 25 ± 1 %,
respectively. The peak area of the oxygen, however, did not match the percentage trend;
there was no significant change between the two metals.
Based on percentage and peak area, there were no significant changes of the
nitrogen peak between the two metal treatments. The calcium peak also did not show any
significant change between the two metal treatments, based on percentage and peak area.
Based on percentage, a significant decrease in the presence of silicon occurred on
the passivated metal as compared to the piranha treated metal, with values of 3 ± 3 % and
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1 ± 1 %, respectively. The peak area supported this trend, with values of 1040 ± 1090
per unit area and 490 ± 490 per unit area, respectively. Based on percentage and peak
area, there were no significant changes between the two metal treatments for
phosphorous. Figure 4.50 shows the surface scans of the chitosan films based on metal
treatments.

Table 4.71. Elemental percentage based on XPS survey scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

Carbon
64 ± 2 %
66 ± 2 %

Oxygen
26 ± 2 %
25 ± 1 %

Nitrogen
5 ± 1a %
5 ± 1a %

Calcium
1 ± 1b %
1 ± 1b %

Silicon
3±3%
1±1%

Phosphorous
1 ± 1c %
1 ± 1c %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.72. Elemental peak areas based on XPS survey scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

Carbon
23320 ± 1090
23950 ± 1050

Oxygen
23380 ± 1510a
22610 ± 2470a

Nitrogen
3070 ± 710b
3060 ± 410b

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.73. Elemental peak areas based on XPS survey scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

Calcium
1480 ± 860c
1890 ± 730c

Silicon
1040 ± 1090
490 ± 490

Phosphorous
250 ± 210d
270 ± 240d

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.50. Representative survey scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).
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Tables 4.74 – 4.79 show the high resolution scans of five of six elements present.
The scan of phosphorous could not be analyzed as the peak area was too small to analyze
accurately. Tables 4.74 – 4.75 show the peaks from the high resolution scans of carbon;
there were seven peaks present, with all but one peak present on both metal treatments.
The first peak, located at 284.8 ± 0.2 eV and identified as C, was not significantly
different between the two metal treatments. The C – C peak, located at 285.6 ± 0.2 eV,
showed a significant decrease from the passivated metal to the piranha treated metal, with
values of 3370 ± 950 per unit area and 1530 ± 1280 per unit area, respectively. The third
peak, located at 286.6 ± 0.3 eV and identified as C – O, showed a significant increase
from the passivated metal to the piranha treated metal, with values of 2330 ± 590 per unit
area and 3170 ± 700 per unit area, respectively. The peak located at 287.6 ± 0.3 eV and
identified as C – N – H was not statistically different between the two metal treatments.
The fifth peak, identified as C = O and located at 288.7 ± 0.2 eV, showed a significant
increase from the passivated metal to the piranha treated metal, with values of 1070 ± 110
per unit area and 1390 ± 410 per unit area, respectively. The last peak present on both
surfaces was identified as CaCO3 and was located at 289.9 ± 0.2 eV. A significant
increase between the passivated metal and the piranha treated metal was seen, with values
of 370 ± 150 per unit area and 760 ± 150 per unit area, respectively. The final peak,
identified as N – C and located at 290.8 ± 0.3 eV, was present only on the piranha treated
surface. Figure 4.51 illustrates the differences between the film on passivated metal and
the film on piranha treated metal.

Table 4.74. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

C [4.1]
284.8 ± 0.2 eV
820 ± 80a
750 ± 160a

C-C [4.2]
285.6 ± 0.2 eV
3370 ± 950
1530 ± 1280

C-O [4.3]
286.6 ± 0.3 eV
2330 ± 590
3170 ± 700

C-N-H [4.9]
287.6 ± 0.3 eV
2450 ± 600b
2540 ± 540b

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.75. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

C=O [4.10]
288.7 ± 0.2 eV
1070 ± 110
1390 ± 410

CaCO3 [4.37]
289.9 ± 0.2 eV
370 ± 150
760 ± 310

N-C [4.11]
290.8 ± 0.3 eV
--260 ± 50

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.51. Representative carbon high resolution scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).
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Table 4.76 shows the peaks from the high resolution scan of oxygen; there were
five peaks present, with all peaks present on the film surface. The first peak, located at
531.6 ± 0.2 eV and identified as CaCO3, was not significantly different between the two
metal treatments. The CaO peak, located at 532.5 ± 0.4 eV, showed a significant
decrease from the passivated metal to the piranha treated metal, with values of 2180 ±
660 per unit area and 1300 ± 490 per unit area, respectively. The third peak, located at
533.5 ± 0.3 eV and identified as SiO2, was not significantly different between the two
metal treatments. The peak located at 534.4 ± 0.3 eV and identified as NO, showed a
significant increase from the passivated metal to the piranha treated metal, with values of
2140 ± 880 per unit area and 3830 ± 750 per unit area, respectively. The fifth peak,
identified as C = O and located at 535.5 ± 0.3 eV, was not significantly different between
the two metal treatments. Figure 4.52 illustrates the differences between the film on
passivated metal and the film on piranha treated metal.

Table 4.76. Oxygen functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

CaCO3 [4.38]
531.6 ± 0.2 eV
690 ± 280a
200 ± 20a

CaO [4.39]
532.5 ± 0.4 eV
2180 ± 660
1300 ± 480

SiO2 [4.19]
533.5 ± 0.3 eV
4110 ± 730b
3320 ± 930b

NO [4.22]
534.4 ± 0.3 eV
2140 ± 880
3830 ± 750

C=O [4.21]
535.5 ± 0.3 eV
410 ± 290c
840 ± 380c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.52. Representative oxygen high resolution scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).
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Table 4.77 shows the peaks from the high resolution scans of calcium; there were
three peaks present, all of which were present on both metal surfaces. The first peak,
located at 347.8 ± 0.2 eV and identified as CaO, was not significantly different between
the two metal treatments. The CaHPO4 peak, identified as 348.7 ± 0.3 eV, was also not
significantly different between the two metal treatments. The final peak, identified as
CaCO3 and located at 349.4 ± 0.3 eV, was not significantly different between the two
metal treatments. Figure 4.53 illustrates the lack of differences between calcium peaks
on the two films deposited on the metal treatments.
Table 4.78 shows the peaks from the high resolution scans of nitrogen; there were
four peaks present, all of which were present on both metal surfaces. The N – C peak,
located at 399.8 ± 0.2 eV, was not significantly different between the two metal
treatments. The second peak, located at 400.9 ± 0.2 eV and identified as C – N – H,
showed a significant increase between the passivated metal and the piranha treated
metals, with values of 550 ± 140 per unit area and 680 ± 120 per unit area, respectively.
The NH4+ peak, located at 401.9 ± 0.2 eV, was not significantly different between the two
metal treatments. The final peak, located at 402.4 ± 0.2 eV and identified as NO, was
also not significantly different between the two metal treatments. Figure 4.54 shows the
differences between the nitrogen peaks present on the two films deposited on the metal
treatments.

Table 4.77. Calcium functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

CaO [4.40]
347.8 ± 0.2 eV
250 ± 130a
240 ± 80a

CaHPO4 [4.41]
348.7 ± 0.3 eV
180 ± 140b
280 ± 70b

CaCO3 [4.42]
349. 4 ± 0.3 eV
140 ± 240c
270 ± 40c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.53. Representative calcium high resolution scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).

Table 4.78. Nitrogen functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

N-C [4.32]
399.8 ± 0.2 eV
490 ± 170a
330 ± 150a

C-N-H [4.33]
400.9 ± 0.2 eV
550 ± 140
680 ± 120

NH4+ [4.34]
401.9 ± 0.2 eV
210 ± 40b
280 ± 110b

NO [4.36]
402.4 ± 0.2 eV
270 ± 40c
340 ± 70c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.54. Representative nitrogen high resolution scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).
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Table 4.79 shows the peaks from the high resolution scans of silicon; there were
three peaks present, all of which were present on both metal surfaces. The SiOx peak,
located at 102.0 ± 0.2 eV, was not significantly different between the two metal
treatments; however, there was only one scan out of nine that indicated the peak was
present on the passivated metal. The second peak, located at 102.8 ± 0.2 eV and
identified as SiO, also was not significantly different between the two metal treatments.
The final peak, located at 103.7 ± 0.2 eV and identified as SiO3, showed a significant
decrease from the passivated metal to the piranha treated metal, with values of 210 ± 90
per unit area and 90 ± 90 per unit area, respectively. Figure 4.55 shows the differences
between the silicon peaks present on the two films deposited on the metal treatments.
By comparing the films produced by using the two metal treatments, some minor
changes were noticed. Most of these changes, including changes to the C – C, C – O,
C = O, and C – N – H peaks, were likely caused by the arrangement of the chitosan
chains, caused by the polar nature of the amine group positioning itself to be with the
polar water molecules. The other changes, including the changes to the peak areas of
CaO, CaCO3 and SiO3, were likely the result of incomplete demineralization, possibly
caused by the different amounts of the compounds taken in by the different shellfish used
to create the chitosan powder. All of the changes were minimal, showing the two metal
treatments did not affect the chemical structure of the chitosan.

Table 4.79. Silicon functional group peak areas based on XPS high resolution scans of the chitosan films based on metal treatment.
Metal Treatment
Passivated
Piranha

SiOx [4.27]
102.0 ± 0.2 eV
170a*
130 ± 100a

SiO [4.28]
102.8 ± 0.2 eV
270 ± 270b
260 ± 120b

SiO3 [4.29]
103.7 ± 0.2 eV
210 ± 90
90 ± 90

Values with the same superscript are not statistically different at the 5% significance level.
*Only one observation at given binding energy.
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Figure 4.55. Representative silicon high resolution scans of the chitosan films by metal treatment.
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The passivated metal is labeled (a). The piranha treated metal is labeled (b).
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4.3.4.3 Chitosan Film Analysis based on Silane Treatment
The means and standard deviations from the survey scans of the chitosan films
based on the two silane treatments are shown in Table 4.80 and are based on percentage.
The peak areas of the chitosan films based on the silane treatment are shown in Tables
4.81 and 4.82. Based on percentage, the carbon peak using the aldehyde silane was
significantly lower than the carbon peak using the amino silane, with values of 64 ± 2 %
and 67 ± 2 %. The peak area of the carbon indicated an opposite trend, with a
significantly higher amount present using the aldehyde silane as compared to the amino
silane, with values of 24350 ± 1030 per unit area and 22920 ± 600 per unit area,
respectively.
The oxygen peak using the aldehyde silane was not statistically different from the
amino silane, based on percentage. However, the peak area of oxygen using the aldehyde
silane was significantly higher than the amino silane, with values of 24010 ± 1640 per
unit area and 21980 ± 1960 per unit area, respectively.
Based on percentage and peak area, there were no significant changes of the
nitrogen peak between the two silane treatments. The calcium peak also did not show
any significant changes between the two silane treatments, based on percentage and peak
area.
Based on percentage, a significant decrease in the silicon peak was seen when
comparing the aldehyde silane to the amino silane, with values of 4 ± 2 % and 0 ± 1 %,
respectively. The peak area supported this trend, with values of 1400 ± 840 per unit area
and 130 ± 200 per unit area, respectively. Based on percentage, there were no significant
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changes between the two silane treatments for phosphorous; however, the peak area of
phosphorous shows a significant decrease between the aldehyde silane and the amino
silane, with values of 380 ± 190 per unit area and 140 ± 190 per unit area, respectively.
Figure 4.56 shows the surface scans of the chitosan films based on metal treatments.

Table 4.80. Elemental percentage based on XPS survey scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

Carbon
64 ± 2 %
67 ± 2 %

Oxygen
26 ± 1a %
26 ± 2a %

Nitrogen
5 ± 1b %
5 ± 1b %

Calcium
1 ± 1c %
1 ± 1c %

Silicon
1±2%
0±1%

Phosphorous
1 ± 1e %
0 ± 1e %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.81. Elemental peak areas based on XPS survey scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

Carbon
24350 ± 1030
22920 ± 600

Oxygen
24010 ± 1640
21980 ± 1960

Nitrogen
3080 ± 660a
3050 ± 490a

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.82. Elemental peak areas based on XPS survey scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

Calcium
1970 ± 700b
1400 ± 830b

Silicon
1400 ± 840
130 ± 210

Phosphorous
380 ± 190
140 ± 200

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.56. Representative survey scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).
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Tables 4.83 – 4.88 show the high resolution scans of five of six elements present.
The scan of phosphorous could not be analyzed as the peak area was too small to analyze
accurately. Tables 4.83 – 4.84 show the peaks from the high resolution scans of carbon;
there were seven peaks present on all of the films. The first peak, located at 284.8 ± 0.2
eV and identified as C, was not significantly different between the two silane treatments.
The C – C peak, located at 285.6 ± 0.2 eV, showed a significant decrease using the
aldehyde silane as compared to using the amino silane, with values of 3130 ± 990 per
unit area and 1780 ± 1550 per unit area, respectively. The third peak, located at 286.6 ±
0.3 eV and identified as C – O, showed a significant increase using the aldehyde silane as
compared to using the amino silane, with values of 2340 ± 650 per unit area and 3160 ±
650 per unit area, respectively. The peak located at 287.6 ± 0.3 eV and identified as C –
N – H was not statistically different between the two silane treatments. The fifth peak,
identified as C = O and located at 288.7 ± 0.2 eV, showed a significant increase using the
aldehyde silane as compared to using the amino silane, with values of 110 ± 110 per unit
area and 1390 ± 410 per unit area, respectively. The sixth peak, identified as CaCO3 and
located at 289.9 ± 0.2 eV, showed no significant changes between the two silane
treatments. The final peak, identified as N – C and located at 290.8 ± 0.3 eV, also
showed no significant changes between the two silane treatments. Figure 4.57 illustrates
the differences between the film using the aldehyde silane and the film using the amino
silane.

Table 4.83. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

C [4.1]
284.8 ± 0.2 eV
750 ± 160a
820 ± 80a

C-C [4.2]
285.6 ± 0.2 eV
3130 ± 990
1780 ± 1550

C-O [4.3]
286.6 ± 0.3 eV
2340 ± 650
3170 ± 650

C-N-H [4.9]
287.6 ± 0.3 eV
2470 ± 520b
2510 ± 620b

Values with the same superscript are not statistically different at the 5% significance level.
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Table 4.84. Carbon functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

C=O [4.10]
288.7 ± 0.2 eV
1070 ± 110
1390 ± 410

CaCO3 [4.37]
289.9 ± 0.2 eV
430 ± 250c
670 ± 320c

N-C [4.11]
290.8 ± 0.3 eV
230 ± 40d
290 ± 20d

Values with the same superscript are not statistically different at the 5% significance level.
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Chitosan Films by Silane Treatment: Carbon High Resolution Peaks
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Figure 4.57. Representative carbon high resolution scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).

326
Table 4.85 shows the peaks from the high resolution scan of oxygen; there were
five peaks present, with all peaks present on the film surface. The first peak, located at
531.6 ± 0.2 eV and identified as CaCO3, was not significantly different between the two
silane treatments. The CaO peak, located at 532.5 ± 0.4 eV, showed a significant
decrease using the aldehyde silane as compared to using the amino silane, with values of
2050 ± 690 per unit area and 1430 ± 630 per unit area, respectively. The third peak,
located at 533.5 ± 0.3 eV and identified as SiO2, was not significantly different between
the two silane treatments. The peak located at 534.4 ± 0.3 eV and identified as NO, also
was not significantly different between the two silane treatments. The fifth peak,
identified as C = O and located at 535.5 ± 0.3 eV, was not significantly different between
the two silane treatments. Figure 4.58 illustrates the differences between the film using
the aldehyde silane and the film using the amino silane.
Table 4.86 shows the peaks from the high resolution scans of calcium; there were
three peaks present, all of which were present on both silane surfaces. The first peak,
located at 347.8 ± 0.2 eV and identified as CaO, was not significantly different between
the two silane treatments. The CaHPO4 peak, identified as 348.7 ± 0.3 eV, was also not
significantly different between the two silane treatments. The final peak, identified as
CaCO3 and located at 349.4 ± 0.3 eV, was again, not significantly different between the
two silane treatments. Figure 4.59 illustrates the lack of differences between calcium
peaks based on the use of the aldehyde silane or the amino silane in the deposition of the
chitosan films.

Table 4.85. Oxygen functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

CaCO3 [4.38]
531.6 ± 0.2 eV
720 ± 220a
540 ± 350a

CaO [4.39]
532.5 ± 0.4 eV
2050 ± 690
1430 ± 630

SiO2 [4.19]
533.5 ± 0.3 eV
3970 ± 670b
3460 ± 1070b

NO [4.22]
534.4 ± 0.3 eV
2800 ± 1230c
3160 ± 1130c

C=O [4.21]
535.5 ± 0.275 eV
540 ± 420d
730 ± 350d

Values with the same superscript are not statistically different at the 5% significance level.
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Chitosan Films by Silane Treatment: Oxygen High Resolution Peaks
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Figure 4.58. Representative oxygen high resolution scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).

Table 4.86. Calcium functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

CaO [4.40]
347.8 ± 0.2 eV
270 ± 70a
210 ± 190a

CaHPO4 [4.41]
348.7 ± 0.3 eV
220 ± 100b
260 ± 130b

CaCO3 [4.42]
349. 4 ± 0.3 eV
250 ± 40c
200 ± 190c

Values with the same superscript are not statistically different at the 5% significance level.
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Figure 4.59. Representative calcium high resolution scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).
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Table 4.87 shows the peaks from the high resolution scans of nitrogen; there were
four peaks present, two of which were present on both silane surfaces. The N – C peak,
located at 399.8 ± 0.2 eV, was found on both silane surface; it was not significantly
different between the two silane treatments. The second peak, located at 400.9 ± 0.2 eV
and identified as C – N – H, showed a significant increase using the amino silane as
compared to the aldehyde silane, with values of 690 ± 110 per unit area and 530 ± 130
per unit area, respectively. The NH4+ peak, located at 401.9 ± 0.2 eV, was not present
using the amino silane, while the peak located at 402.4 ± 0.2 eV and identified as NO,
was not present using the aldehyde silane. Figure 4.60 shows the differences between the
nitrogen peaks present based on the silane treatment.
Table 4.88 shows the peaks from the high resolution scans of silicon; there were
three peaks present, with two peaks present on both silane surfaces. The SiOx peak,
located at 102.0 ± 0.2 eV, was present only after using the aldehyde silane. The second
peak, located at 102.8 ± 0.2 eV and identified as SiO, showed a significant decrease using
the amino silane as compared to the aldehyde silane, with values of 20 ± 60 per unit area
as compared to 400 ± 180 per unit area, respectively. The final peak, located at 103.7 ±
0.2 eV and identified as SiO3, also showed a significant decrease using the amino silane
as compared to the aldehyde silane, with values of 60 ± 90 per unit area as compared to
190 ± 80 per unit area, respectively. Figure 4.61 shows the differences between the
silicon peaks present on the two films deposited using one of the two silane treatments.
By comparing the films produced by using the two silane treatments, some minor
changes were noticed. Most of these changes, including changes to the C – C, C – O,
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C = O, and C – N – H peaks, were likely caused by the arrangement of the chitosan
chains, caused by the polar nature of the amine group positioning itself to be with the
polar water molecules. The other changes, including the changes to the peak areas of
CaO and SiO3, were likely the result of incomplete demineralization, possibly caused by
the different amounts of the compounds taken in by the different shellfish used to create
the chitosan powder. All of the changes were minimal, showing the two silane treatments
did not affect the chemical structure of the chitosan.

Table 4.87. Nitrogen functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

N-C [4.32]
399.8 ± 0.2 eV
420 ± 110a
430 ± 260a

C-N-H [4.33]
400.9 ± 0.2 eV
530 ± 130
690 ± 110

NH4+ [4.34]
401.9 ± 0.2 eV
250± 90
---

NO [4.36]
402.4 ± 0.2 eV
--300 ± 60

Values with the same superscript are not statistically different at the 5% significance level.
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Chitosan Films by Silane Treatment: Nitrogen High Resolution Peaks
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Figure 4.60. Representative nitrogen high resolution scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).

Table 4.88. Silicon functional group peak areas based on XPS high resolution scans of the chitosan films based on silane treatment.
Metal Treatment
Aldehyde
Amino

SiOx [4.27]
102.0 ± 0.2 eV
140 ± 90
---

SiO [4.28]
102.8 ± 0.2 eV
400 ± 180
20 ± 60

SiO3 [4.29]
103.7 ± 0.2 eV
190 ± 80
60 ± 90

Values with the same superscript are not statistically different at the 5% significance level.
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Chitosan Films by Silane Treatment: Silicon High Resolution Peaks
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Figure 4.61. Representative silicon high resolution scans of the chitosan films by silane treatment.
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The aldehyde silane is labeled (a). The amino silane is labeled (b).
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4.4 Discussion
The results indicated different statistical trends for each of the treatments, from
the metal treatments before the deposition of silane through the chitosan films deposited
on each of the metal and silane treatment combinations. Therefore, the discussion will
cover each of the sections present in the results portion of this chapter.
4.4.1 Metal Treatments
A significant difference was seen between each of the elements present on the
metal surfaces, using either the passivated treatment or the piranha treatment. When
comparing the carbon percentage, the piranha treated metal had a much lower amount of
carbon present as compared to the passivated metal. The difference in carbon on the two
metals resides solely in the treatment method; two of the three chemicals used in the
cleaning of the titanium surface are acetone and ethanol, both organic solvents. The
dilute nitric acid used to passivate the surface is not designed to remove the carbon, but
instead form an oxide film, which completely covers the surface. However, the piranha
treatment is designed to remove carbon, as the sulfuric acid – hydrogen peroxide
combination reacts with carboneous materials, removing them from the surface. This
reaction causes a significant drop in the carbon percentage. With the significant drop of
carbon on the piranha treated surface, all of the high resolution peaks, except for the
elemental carbon peak, were significantly lower than the passivated surface, indicating
that the piranha treatment did remove a large quantity of carbon. The remaining amount
of carbon could be the result of a reaction with carbon in the atmosphere, as the piranha
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treated surface is highly reactive. The carbon present on the passivated surface is likely
the result of the solvent used in cleaning the metal.
The oxygen percentage also shows a significant change between the two metal
treatments; the oxygen percentage on the passivated surface is much less than the oxygen
percentage on the piranha treated surface, as shown graphically in Figure 4.3. This
difference is again related to the treatment protocol; the purpose of passivation is to
create an oxide layer completely covering the surface to prevent the reaction of titanium
with its environment [4.45]. The purpose of the piranha treatment, however, was to
create a specific reacting group, TiO, that would be available to the silane molecules.
The piranha reaction removed carbon and the passive oxide layer, due to its ability to etch
and react with titanium, allowing the titanium to react with the ultra pure water to form
the TiO groups [4.43]. Two of the other groups present, – OH and – (OH)3-3, are also
highly reactive, creating a reactive oxygen surface to treat with the different silane
molecules. The C – O group present on both surfaces is not significantly different
between the two reactions; it is likely due to a reaction of the surface with the carbon in
the atmosphere, but would have no effect on the binding of the silane molecules.
The biggest difference between the passivated metal and the piranha treated metal
with respect to percentage is the amount of titanium present on the surface of the metals,
as shown graphically in Figure 4.4. There is a significant increase between the passivated
metal and the piranha treated metal, with the increase caused by the treatment method.
The purpose of passivation is to create an oxide layer completely covering the surface of
the titanium metal [4.45], while the purpose of the piranha treatment is to create a
reactive oxide layer [4.46], in order to bind silane. The significant increase of titanium is
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also seen in the high resolution peaks, with the amount of the desired TiO peak much
higher on the piranha treated metal than on the passivated metal. This increase of TiO
will allow for more silane molecules to bind to the surface of the metal, thereby possibly
increasing the adhesion strength of the chitosan film. The TiO2 peak does not show a
significant difference between the two metals and does not play a role in the reaction of
the silane molecules, as the TiO2 species is non-reactive and part of the oxide film created
in passivation. The last peak, TiC, is likely the result of a reaction with the atmosphere;
the peak area is very small as compared to the TiO2 and TiO peaks, indicating that its
formation will not likely disrupt the reaction between the silane molecules and the
titanium surface.
4.4.2 Aminopropyltriethoxysilane
The amino silane results were determined through each of the reaction steps,
which include the deposition of the silane (1a) and the reaction with gluteraldehyde (2a).
The reaction steps were also examined based on the metal treatment, which covered the
chitosan reaction (3a). The chitosan reaction step was not covered in this section, but in
Section 4.4.4, due to the thickness of the film; the thickness of the film prevented the
examination of the interaction between the film and the gluteraldehyde, as discussed
further in this section.
4.4.2.1 Silane Reaction Step 1a: Comparing Metal Treatments
A significant increase of carbon, nitrogen, and silicon between the passivated
metal and the piranha treated metal were seen following the deposition of the amino
silane molecule onto the titanium surface, while a significant decrease of titanium
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between the passivated metal and the piranha treated metal was seen. The increase
between the three elements possibly indicates a higher amount of the silane molecule was
deposited on the surface of the piranha treated metal. In examining high resolution peaks
for each of the elements, the reasons for the increase become clear. The carbon high
resolution peak has two peaks, which are significantly higher on the piranha treated
surface as compared to the passivated surface. The first peak, C – O, is present at the
silane end of the molecule and connects to silicon to form Si – O – C. The significant
increase of the C – O peak seen when examining the piranha treated metal compared to
the passivated metal plausibly indicates a higher amount of the amino silane molecule on
the piranha surface as compared to the passivated surface. The second peak, C – N – H,
is present at the terminal end of the molecule, where the gluteraldehyde will bond in
reaction step 2a. A significant difference in the peak areas also indicated a higher amount
of the amino silane molecule on the piranha surface as compared to the passivated
surface; the significant increase of the C – N – H group on the piranha treated surface
also indicates that more places exist for the gluteraldehyde to bond, thereby likely
strengthening the bond of the chitosan film to the surface.
The passivated metal and the piranha treated metal also show significant changes
to two peaks of nitrogen. The first peak, N – C, is present at the terminal end of the
amino silane group, to form the C – NH2 group. The significant increase seen between
the passivated metal and the piranha treated metal indicated that more of the amino silane
is bonded to the piranha treated metal than to the passivated metal. The second peak,
C – N – H, is also present at the terminal end of the amino silane group; the significant
increase seen between the passivated metal and the piranha treated metal again indicated
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that more of the amino silane was bonded to the piranha treated metal as compared to the
passivated metal. The results of the nitrogen high resolution scan confirm the likely
results of the carbon high resolution scan, in that more amino silane is bonded to the
surface of the piranha treated metal than to the surface of the passivated metal.
The significant differences in the amount of silicon present following the amino
silane deposition on the two metal surfaces provides additional evidence that more amino
silane is bound to the piranha treated surface, as compared to the passivated surface. The
significant increase of the SiO3 peak on the surface of the piranha treated metal, as
compared to the passivated metal, indicated the formation of a polysiloxane chain close
to the surface of the metal; this formation is important because it can only develop if the
silane molecules are close to each other, allowing the remaining ethoxy – groups
(CH3 – CH2 – O – ) to bond to nearby silane groups, forming a [– O – Si – O]n group and
likely stabilizing the silicon – oxygen – titanium bond; the remaining oxygen bind the
silicon to the titanium surface. The other peak, SiO, showed a significant decrease from
the passivated metal to the piranha treated metal. The presence of SiO on the passivated
surface indicated that there was some binding of the amino silane to the passivated metal.
However, this peak also indicated that more “lone” amino silane molecules existed, as
compared to the group presence on the piranha treated metal.
The titanium high resolution scan further supports the increased adhesion of the
amino silane onto the piranha treated metal as compared to the passivated metal. The
TiO2 peak does not exist on the piranha treated metal following the amino silane reaction,
as it initially did following the piranha treatment; however, it does appear on the
passivated the surface. The lack of the TiO2 peak on the piranha treated surface indicates
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that the amino silane is more tightly packed and covering the TiO2 peaks. Since XPS can
only penetrate approximately 40 angstroms, and the amino silane molecules are
approximately 18 angstroms long, without consideration for the angles within the
molecule, it stands to reason that the photoelectrons excited by x-ray source cannot
escape as frequently as the photoelectrons could when no silane molecules were covering
the surface. The TiO peak is substantially less on the piranha treated metal as compared
to the passivated metal; this difference indicated that more of the TiO peak is masked by
the amino silane, which is the result of a higher amount of amino silane bound to the
piranha treated surface.
There was no significant change seen in the percentage or peak areas of oxygen
between the two metal surfaces following the amino reaction step (1a). However, the
high resolution scans show some significant changes do occur. The TiO peak drops
significantly from the passivated surface to the piranha treated surface, indicating that
more silane is bonding to the surface and “hiding” the TiO peak. The SiO2 peak
increases significantly from the passivated surface to the piranha treated surface, also
indicating that more silane is bonding to the surface and forming a polysiloxane group to
stabilize the silane molecules across the surface of the metal. These two peaks with
significant differences further confirm the results seen based on the carbon, nitrogen,
silicon, and titanium high resolution scans.
4.4.2.2 Gluteraldehyde Reaction Step 2a: Comparing Metal Treatments
No significant changes were present between the two metal surfaces following the
gluteraldehyde reaction (2a), based on percentage. However, based on peak area, carbon
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and nitrogen were both significantly more on the piranha treated surface than on the
passivated surface. The increase of the two elements further supports the likelihood that
the piranha treated surface bound more amino silane molecules than the passivated
surface.
Of the six carbon peaks present on the surfaces, only one peak shows any
significant difference between the two metal treatments. The C – O peak is significantly
higher on the piranha treated surface as compared to the passivated surface. Since there
are more amino silane molecules on the surface of the piranha treated metal, as
previously discussed, it would seem that there would be a higher amount of the C = O
peak on the piranha treated surface, since that is the terminal group of gluteraldehyde.
However, gluteraldehyde is present in water, which could prompt a reaction between the
terminal group of gluteraldehyde and water to form a C – O group from the C = O group.
With the significantly higher amount of amino silane on the piranha treated surface, there
would then be a significantly higher amount of C – O on the piranha treated surface, as
shown in the results.
Three of five nitrogen peaks present do not show any statistical variation between
the two metal surfaces. However, two peaks, N – C and C – N – H, were significantly
higher on the piranha treated surface than on the passivated surface. The higher amounts
of the peaks N – C and C – N – H on the piranha treated surface are due to the fact that
there are more amino silane molecules bound to the that surface, as compared to the
passivated surface. Because gluteraldehyde reacts with the C – N – H group to form C =
N = C, and the N – C peaks were already higher following the amino silane reaction (1a),
no significant change is expected between the reaction series.
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While oxygen was not significantly different based on percentage or peak area,
one peak shows a significant difference between the two metal treatments. The SiO2
peak is significantly higher on the piranha treated surface compared to the passivated
surface. This difference is due to the fact that more amino silane molecules were bonded
to the piranha treated surface prior to the gluteraldehyde reaction (2a). The
gluteraldehyde molecule is not large enough to fully “mask” the silicon element from the
x-ray beam; the difference between the SiO2 peak on the passivated metal and the piranha
treated metal just further support the increased binding of the amino silane molecule to
the titanium surface.
Silicon is also not significantly different based on percentage or peak area.
However, the SiO3 peak is significantly higher on the piranha treated surface compared to
the passivated surface. This difference is accounted for because of the size of the
gluteraldehyde molecule, which cannot fully cover the silicon element. Therefore, the
same polysiloxane chain that was present following the deposition of the amino silane is
still present following the gluteraldehyde reaction.
There were no significant differences between the titanium peaks on the two
metal treatments following the gluteraldehyde reaction. A large portion of the titanium
peak is likely masked by the addition of the gluteraldehyde molecule; the photoelectrons
released by the excitation of the electron beam cannot escape from the amino silane –
gluteraldehyde complex for analysis. Since XPS can only penetrate approximately 40
angstroms, and the amino silane – gluteraldehyde molecules are approximately 34
angstroms long, without consideration for the angles within the molecule, it stands to
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reason that the photoelectrons excited by x-ray source cannot escape as frequently as the
photoelectrons could when gluteraldehyde was not bound to the amino silane molecules.
4.4.2.3 Passivated Metal Treatment: Comparing Reaction Steps
Significant changes were observed following each of the reaction steps performed
on the passivated metal surface. Following the amino reaction step (1a), a significant
decrease of carbon was seen from the passivated surface to the amino silane surface,
while a significant increase was seen from the amino silane surface to the gluteraldehyde
surface; however, only the C – C peak can be examined since all of the other peaks
present on the passivated metal surface were not identified as the same peaks following
the amino reaction step, as there was no silicon or nitrogen present on the passivated
surface. The drop in the C – C peak likely indicates that not all of the hydrocarbons
found on the passivated surface were not chemically bound to the surface, but instead
were physically bound to the surface, through weak hydrogen bonds. When a more
desirable compound was present, as was the case with the amino silane, the weak
hydrogen bonds break, releasing the hydrocarbon and allowing the amino silane to bond
to the surface. No significant changes were seen in the C – C peak following the
gluteraldehyde reaction step (2a) or the chitosan reaction step (3a). A significant increase
was seen in the C – O peak between the amino reaction step and the gluteraldehyde
reaction step, while a significant decrease was seen in the same C – O peak following the
chitosan reaction step. The increase in the C – O peak between the amino reaction step
and the gluteraldehyde reaction step is likely due to the presence of water in the aqueous
gluteraldehyde solution, creating a C – O molecule in place of the terminal C = O on
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gluteraldehyde. A significant increase in the C – N – H group was seen between the
amino silane surface and the gluteraldehyde surface and between the gluteraldehyde
surface and the chitosan surface. The increase in this group is likely due to the possible
physical bonding of toluene to the amino silane terminal group. With the addition of
gluteraldehyde, the toluene is fully removed, allowing all of the C – N – H groups to be
seen. The C – N – H group would still be present following the gluteraldehyde reaction,
as the gluteraldehyde would not bind with every terminal amine group. The peak
identified as C = O also showed a significant increase between the amino silane surface
and the gluteraldehyde surface; this is to be expected, as the terminal group of
gluteraldehyde is C = O. With the gluteraldehyde reacting with the one of the two
terminal ends of the amino silane to form C = N = C, the other end, composed of C = O,
would be present at the surface of the growing film. The last peak, N – C, also showed a
significant increase between the amino silane surface and the gluteraldehyde surface,
along with a significant increase following the chitosan reaction. This increase is likely
due to the binding of gluteraldehyde to the C – N – H group, which would remove the
– H portion, creating N – C. The changes of the C – O peak, the C – N – H peak, the
C = O peak, and the N – C peak following the chitosan reaction are a part of the chitosan
molecule and will be discussed in Section 4.4.4.
Significant changes were also seen in the oxygen peak. No significant changes
were seen in the peak area of oxygen between the passivated surface and the amino
silane; however, changes were seen in the high resolution peaks. Only one peak can be
compared through all four reaction steps, as the peaks present on the passivated surface
were not identified as the same peaks following the amino silane reaction step, since

347
there was no silicon or nitrogen present on the passivated surface. A significant decrease
in the TiO peak was seen between the passivated metal surface and the amino silane
surface, along with a significant decrease following the gluteraldehyde surface. There
was no titanium present following the chitosan film deposition. This significant decrease
between the passivated metal surface and the amino silane surface is the result of the
coverage of the amino silane; as the amino silane reacted with the TiO species, the peak
became “covered” by the amino silane molecule, which prevented the release of the
photoelectrons excited by the x-ray beam. The amount of TiO dropped even further
following the reaction with gluteraldehyde since the amino silane – gluteraldehyde
prevented even more photoelectrons from escaping. Since XPS can only penetrate
approximately 40 angstroms, and the amino silane – gluteraldehyde molecules are
approximately 34 angstroms long, without consideration for the angles within the
molecule, it stands to reason that the photoelectrons excited by x-ray source cannot
escape as frequently as the photoelectrons could when gluteraldehyde was not bound to
the amino silane molecules. There were no statistical differences between the amino
reaction surface and the gluteraldehyde reaction surface in the peaks identified as SiO,
SiO2, or NO, nor were there statistical differences between the gluteraldehyde reaction
and the chitosan surface with respect to SiO, NO, or C = O. There were significant
changes between the gluteraldehyde reaction surface and the chitosan film of the SiO2
peak. The lack of change is due to the inability of the amino silane – gluteraldehyde
complex to fully mask the silicon element from the x-ray beam, since the molecule
extending from the silicon was only 24 angstroms thick. There was a significant decrease
between the amino reaction surface and the gluteraldehyde reaction surface with respect
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to SiOx, while there was no significant change between the gluteraldehyde reaction and
the chitosan reaction. The decrease of SiOx is likely due to the coverage that the
gluteraldehyde molecule provides to the SiOx groups at the base of the amino silane –
gluteraldehyde complex; the photoelectrons excited by the x-ray beam may not be able to
escape the pull of the complex and would therefore show a decrease in the SiOx peak.
The significant change of the SiO2 peak and the lack of change in the SiOx peak
following the chitosan reaction are a part of the chitosan molecule and will be discussed
in Section 4.4.4.
There was a significant change in the amount of nitrogen present between the
amino reaction surface and the gluteraldehyde reaction surface, while there was no
nitrogen present on the passivated surface. Two of the five peaks present varied
significantly between the amino silane surface and the gluteraldehyde surface, while one
peak was present only on the amino silane surface. The N – C peak showed no
significant change between the amino silane surface and the gluteraldehyde surface, but a
significant increase was seen with respect to the chitosan surface. This is due to the fact
that N – C is part of the amino silane molecule; once gluteraldehyde reacts with the
amino silane molecule, N – C is still present as part of the bond between the
gluteraldehyde molecule and the amino silane molecule. A significant decrease was seen
between the amino silane surface and the gluteraldehyde surface with respect to
C – N – H; this decrease is expected since C – N – H reacts with gluteraldehyde to form
C = N = C. A significant increase was seen in the C – N – H peak following the chitosan
reaction. A significant decrease was seen in the NH4+ peak following the gluteraldehyde
reaction, while the NH4+ peak was not present on the chitosan surface. This decrease is
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the result of the reaction between gluteraldehyde and NH4 , forming N = C. The NO2

-

peak, present only on the amino silane surface, is probably the result of physical bonding
between the amine terminal group of the amino silane and the atmosphere during
transport between the laboratory and the XPS machine. The significant changes of the
C – N – H and NH4+ peaks and the lack of change in the N – C and NO peaks following
the chitosan reaction are a part of the chitosan molecule and will be discussed in Section
4.4.4.
A significant change in the amount of silicon is seen between each of the three
reaction steps, with no silicon present on the surface of the passivated metal. A
significant decrease in the SiO peak is seen between the amino silane surface and the
gluteraldehyde surface, along with a significant drop following the chitosan reaction.
This drop is due to the coverage provided by the addition of the gluteraldehyde molecule;
all of the photoelectrons excited by the x-ray beam cannot escape from the amino silane –
gluteraldehyde complex, thereby reducing the amount of SiO seen. No significant
change occurs with respect to the SiO3 peak between the amino silane reaction step and
the gluteraldehyde reaction step. The SiO peak is reduced because the photoelectrons
cannot escape the chain formed by the amino silane – gluteraldehyde complex; however,
the SiO3 peak is not reduced, because, instead of “sticking up” as the amino silane –
gluteraldehyde complex does, the polysiloxane group runs along the metal surface. The
SiO3 peak is not as fully covered as the SiO peak, which results in no significant changes
between the amino silane reaction surface and the gluteraldehyde reaction surface. The
SiO3 group is not present on the chitosan surface. The significant changes of the SiO and
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SiO3 peaks following the chitosan reaction are related to the chitosan molecule and will
be discussed in Section 4.4.4.
A significant change in the titanium peak, based on both percentage and peak
area, is observed between the passivated metal and the amino silane reaction step, along
with the amino silane reaction step and the gluteraldehyde reaction step. No titanium is
present following the chitosan reaction step. No significant decrease in the TiO2 peak is
seen between the passivated metal surface and the amino silane surface, indicating no
reaction took place with respect to the TiO2 peak. There was also no significant decrease
in the TiO2 peak between the amino silane surface and the gluteraldehyde surface,
indicating that the TiO2 peak is passive and non-reactive. A significant decrease was
seen in the TiO peak between the passivated metal surface and the amino silane surface,
as illustrated in Figure 4.22. This decrease of the TiO peak is the result of binding the
amino silane to TiO, which prevents some of the photoelectrons from being detected, as
the TiO peak was covered by the large amino silane molecule. There was no significant
decrease of the TiO peak between the amino silane reaction and the gluteraldehyde
reaction, since the gluteraldehyde molecule is a smaller molecule and would not greatly
reduce the amount of photoelectrons escaping from the surface.
Because of the lack of titanium following the chitosan reaction step, and the
closeness of the silicon element to the titanium surface, the adhered film, which is
believed to be around 100 µm, is too thick to examine the reaction between the
gluteraldehyde molecule and the chitosan film. It is this reason, the thickness of the film,
that makes any statistical similarities or differences between the gluteraldehyde reaction
step and the chitosan reaction solely the result of the chitosan molecule, not the result of
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the chemistry between the amino silane – gluteraldehyde complex and the chitosan film;
the chitosan films on all four treatment combinations will be discussed in Section 4.4.4.
4.4.2.4 Piranha Treated Metal: Comparing Reaction Steps
Significant changes in the percentage and the peak area of carbon were seen
between the piranha treated metal surface, the amino silane surface, the gluteraldehyde
surface, and the chitosan film surface. A significant increase was seen between the
piranha treated surface and the amino silane surface; however, the only peak that can be
compared, the C – C peak was statistically similar. The C – C peak was significantly
higher on the chitosan surface than on the gluteraldehyde surface, however. The other
peaks could not be compared between the piranha treated surface and the amino silane
surface, as the peak identification was different since neither silicon nor nitrogen were
present on the piranha treated surface. The C – O peak was not significantly different
between the amino silane surface and the gluteraldehyde surface; this occurs because the
C – O peak is present at the base of the silane molecule, connecting silicon to the propyl
group, as an Si – O – C link. The C – O peak was significantly lower on the chitosan
surface than on the gluteraldehyde surface, however. The C – N – H group was
significantly higher on the gluteraldehyde surface than on the amino silane surface; this
increase is likely due to the removal of physically bonded toluene to the terminal amine
group. With the addition of the aqueous gluteraldehyde solution, the remaining toluene
was removed, allowing an increase in the C – N – H peak to be seen. A significant
increase between the gluteraldehyde reaction step and the chitosan reaction was also seen
with respect to the C – N – H peak. The C = O group significantly increased when
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comparing the amino silane surface with the gluteraldehyde surface. This increase is due
to the bonding of one end of the gluteraldehyde molecule with the amino silane molecule
to form C = N = C, leaving the other end of the gluteraldehyde molecule, composed of a
C = O group, exposed. A significant increase between the gluteraldehyde reaction step
and the chitosan reaction was also seen with respect to the C = O peak. No significant
change occurred with respect to the N – C peak between the amino silane surface and the
gluteraldehyde surface. The lack of change is likely due to the small size of the
gluteraldehyde molecule, which did not cover the N – C bond between the amino silane
molecule and the gluteraldehyde molecule. The last peak, CO3-2, is present on the
gluteraldehyde reaction surface and the chitosan surface, only. The formation of the
CO3-2 peak is likely due to some contamination, as there is no explanation based on the
reaction scheme that could account for the formation of the CO3-2 peak. As previously
stated, because of the thickness of the chitosan film, the significant changes of the peaks
C – C, C – O, C – N – H, C = O, N – C, and CO3-2 will be covered in Section 4.4.4.
Significant changes were also seen in the oxygen peak, between the piranha
treated surface and the amino silane surface; however, no significant changes were seen
in the peak area of oxygen between the amino surface and the gluteraldehyde silane. Of
the four peaks present on the piranha treated surface, only one peak could be compared
through all four reaction steps, as the peaks present on the piranha treated surface were
not identified as the same peaks following the amino silane reaction step, since there was
no silicon or nitrogen present on the piranha treated surface. The TiO peak showed a
significant decrease between the piranha treated surface and the amino silane surface,
while no significant change was seen between the amino silane surface and the
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gluteraldehyde surface. The significant decrease of the TiO peak between the piranha
surface and the amino surface is the result of the bonding of the amino silane molecule to
the TiO molecule; this bonding reduced the ability of the photoelectrons to escape from
the surface. Since XPS can only penetrate approximately 40 angstroms, and the amino
silane molecules are approximately 18 angstroms long, without consideration for the
angles within the molecule, it stands to reason that the photoelectrons excited by x-ray
source cannot escape as frequently as the photoelectrons could when the amino silane
molecules were not bound to metal surface. There was no significant change in the TiO
peak between the amino silane surface and the gluteraldehyde surface; the lack of change
can be contributed to the small size of the gluteraldehyde molecule, which did not
prevent the escape of photoelectrons from the surface. The TiO peak was not present on
the chitosan film surface. The SiO peak showed no significant change between the
amino silane reaction step and the gluteraldehyde reaction step. The lack of change is
likely due to the small size of the gluteraldehyde molecule, which did not prevent the
release of photoelectrons, as the “top” of the silicon portion of the amino silane molecule
to the top of the gluteraldehyde molecule is only 24 angstroms. However, this lack of
change in the peak is a good thing, as it shows that the SiO peak is strongly bonded to the
piranha treated surface and will not be removed by an aqueous gluteraldehyde solution.
A significant decrease in the SiO was seen between the gluteraldehyde surface and the
chitosan surface. The SiOx peak between the amino silane surface and the gluteraldehyde
surface also showed a significant decrease; the gluteraldehyde surface and the chitosan
film surface again demonstrated a significant decrease in the SiOx peak. This decrease
likely the result of the amino silane – gluteraldehyde complex covering the SiOx groups
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at the base of the complex; the photoelectrons excited by the x-ray beam would be unable
to escape the complex and be detected. A significant decrease in the SiO2 peak was also
seen; this decrease was seen between the amino silane surface and the gluteraldehyde
surface along with a decrease between the gluteraldehyde surface and the chitosan
surface. The decrease of the SiO2 peak is due to the growth of the film as each reaction is
performed; as the amino silane – gluteraldehyde chain is created, the SiO2 peak at the
based of the chain is masked from detection since the photoelectrons cannot escape. The
peak identified as NO shows a significant increase between the amino silane surface and
the gluteraldehyde surface, along with a significant increase between the gluteraldehyde
surface and the chitosan surface. The NO peak is only present in a small amount on the
amino silane surface, likely a reaction of the terminal group with the atmosphere;
however, since a significant increase is seen between the amino silane surface and the
gluteraldehyde surface, a reaction between the amine group and the water present in the
aqueous gluteraldehyde solution is the likely cause for the formation of the NO peak. A
C = O peak exists on the surface of the gluteraldehyde surface, but not on the amino
silane surface; this occurs because the terminal group of gluteraldehyde, which is C = O,
is present following the reaction between the terminal amine group of the amino silane
and the gluteraldehyde molecule. The C = O peak shows a significant increase between
the gluteraldehyde reaction and the chitosan reaction. The changes of the chitosan film
with respect to the SiO, SiOx, SiO2, NO, and C = O peaks will be covered in Section
4.4.4, since the thickness of the film results in an inability to examine the reaction
between the chitosan surface and the amino silane – gluteraldehyde complex.
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A significant decrease between the amino silane surface and the gluteraldehyde
surface occurs with respect to nitrogen, based on both percentage and peak area. A
significant decrease also occurs between the gluteraldehyde surface and the chitosan
surface, based on peak area. No nitrogen was present on the piranha treated metal. The
first peak, N – C, shows a significant decrease between the amino silane reaction and the
gluteraldehyde reaction. This occurs because the amino silane molecules are grouped so
closely together as indicated by the polysiloxane groups present on the surface, as
discussed in Section 4.4.2.1. When the gluteraldehyde reacts with the terminal amine
groups, the resulting C = N = C bond is masked from detection because the
photoelectrons cannot escape the tightly packed amino silane – gluteraldehyde
complexes. The N – C peak is not present on the chitosan film surface, however. The
second peak C – N – H also shows a significant decrease between the amino silane
reaction and the gluteraldehyde reaction, while a significant increase is seen between the
gluteraldehyde reaction and the chitosan reaction. This decrease occurs because the
gluteraldehyde reacts with the C – N – H group to form C = N = C, thereby reducing the
amount of the C – N – H peak present. The NH4+ peak is present only on the amino
silane surface and the gluteraldehyde surface; a significant decrease is shown between the
two surfaces. The formation of the NH4+ group occurred as the terminal amine group
became protonated and highly reactive. The reaction of gluteraldehyde with the amino
silane produced a reaction between the gluteraldehyde and the NH4+ group, to form C =
N = C, and reducing the amount of NH4+. The NO peak was present only on the
gluteraldehyde and chitosan surfaces; no significant change was seen between the two
surfaces. The presence of NO on the gluteraldehyde surface indicated the reaction of the
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terminal amine group with the aqueous gluteraldehyde solution, forming NO instead of
reacting with the gluteraldehyde molecule. NO2- was present only on the amino silane
surface, likely a reaction with the atmosphere during transport to the XPS machine. The
significant changes of N – C, C – N – H, NH4+, and NO on the chitosan surface will be
discussed in Section 4.4.4, as part of the chitosan molecule, since the chitosan film is too
thick to examine the interaction between gluteraldehyde and the chitosan film.
Significant changes in the percentage and peak area of silicon were seen between
the amino silane reaction step and the gluteraldehyde reaction step, along with significant
changes between the gluteraldehyde reaction step and the chitosan reaction step. There
was no silicon present on the piranha treated surface. No significant change occurred to
the SiO peak between the amino silane surface and the gluteraldehyde surface. The lack
of change is due to the small size of the gluteraldehyde molecule, which does not prevent
the photoelectrons from escaping. The presence of this peak also demonstrated that the
link between the silicon element and the propyl group was not disturbed by placing the
metal samples in the aqueous gluteraldehyde solution. A significant decrease of the SiO3
peak does occur between the amino silane surface and the gluteraldehyde surface, along
with a significant decrease between the gluteraldehyde surface and the chitosan surface.
This decrease occurs because, as previously stated, there were more amino silane
molecules on the surface of the piranha treated metal, with more polysiloxanes formed.
As the molecules reacted with gluteraldehyde, a thicker coverage of the metal surface
occurred, thereby reducing the amount of photoelectrons released by the polysiloxanes
that could escape and be detected, indicating that the amino silane molecules were more
tightly packed on the piranha treated surface. The final peak, SiO2, is present on the
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amino silane surface and the gluteraldehyde surface, with a significant decrease occurring
between the two reactions. The decrease of the SiO2 peak indicated that the base of the
amino silane – gluteraldehyde complex was masked from detection because of how
tightly packed the complexes were, which did not allow the escape of the photoelectrons.
The changes of the SiO, SiO3, and SiO2 peaks with respect to the chitosan film will be
covered in Section 4.4.4.
Significant changes in the percentage and peak area of titanium were seen
between the piranha treated metal and the amino reaction step; however, no significant
changes were seen between the amino silane surface and the gluteraldehyde surface,
based on percentage and peak area. Titanium was not present on the surface of the
chitosan film. The TiO2 peak was present on the piranha treated metal, but was not
present on the amino silane surface or the gluteraldehyde surface. The lack of this peak
further indicated how closely packed the amino silane – gluteraldehyde complexes were;
since the TiO2 peak is non-reactive, following the adhesion of the amino silane molecule
to the TiO peaks, the formation of polysiloxanes took place, completely covering the
non-reactive TiO2 species. The TiO peak showed a significant decrease from the piranha
treated surface to the amino silane surface, but no significant change was seen from the
amino silane surface to the gluteraldehyde surface. The significant decrease is seen
because of the reaction of the amino silane molecule with the TiO species, to the point of
almost completely removing the peak, as seen in Figure 4.28. While there was no
significant difference between the amino silane surface and the gluteraldehyde surface
with respect to the TiO peak, there was very little that could be seen on the amino silane
surface following the amino silane reaction. The amino silane reacted with the TiO
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species to almost completely cover the piranha treated surface. The last remaining peak,
TiC, saw a significant decrease from the piranha treated surface to the amino silane
surface; the decrease is likely the result of the amino silane molecule binding to the TiO
peaks and creating polysiloxane groups between the amino silane molecules, thereby
covering the TiC peaks. There was no significant change between the amino silane
surface and the gluteraldehyde surface, as the polysiloxanes had already formed.
4.4.3 Triethoxsilylbutyraldehyde
The aldehyde silane results were determined through each of the reaction steps,
which include the deposition of the silane (1b). The reaction steps were also examined
based on the metal treatment, which covered the chitosan reaction (2b). The chitosan
reaction step was not covered in this section, but in Section 4.4.4, due to the thickness of
the film, which prevented examination of the interaction between the film and the
aldehyde silane, as further discussed in this section.
4.4.3.1 Silane Reaction Step 1b: Comparing Metal Treatments
No significant changes were seen between the two metal surfaces with respect to
carbon, oxygen, silicon, or titanium, based on percentage. In fact, no significant change
was seen in any of the high resolution carbon peaks. This can possibly be attributed to
the high reactivity of the aldehyde silane molecule. The hydrocarbon peak would be
identical because of the close packing of the aldehyde silane, likely caused by the silane
molecule’s strong reaction with itself and with the TiO species. This possible close
packing would prevent the release of some of the excited photoelectrons, thereby
reducing the C – C peak. The C – O and C = O peaks, located at the terminal end of the
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aldehyde silane molecule, would not show a difference either. The lack of difference is
because nothing would prevent the excitation of the electrons, producing a large quantity
of photoelectrons released from the surface at the same binding energy. Since the
aldehyde silane molecules were possibly very closely packed, the difference in detection
of the C – O and C = O peak would be minimal. The COOH, CO3+2, and CO3-2 peaks are
not significantly different between the two surfaces either. These peaks are likely the
reaction of the terminal end of the aldehyde silane group with the atmosphere during
transport to the XPS machine, as the reaction does not support the formation of the three
peaks.
Unlike the carbon high resolution peaks, there were significant changes in the
oxygen high resolutions peaks. Of the six peaks, two peaks were statistically different,
while one peak, the SiO peak, was not present on the passivated surface. The TiO peak
showed no significant difference between the two metal surfaces; this indicated that the
aldehyde silane would strongly bond to any TiO present on the surface of the metal.
However, since the TiO peak was much less on the passivated surface than on the piranha
treated surface, more aldehyde silane was bound to the piranha treated surface, since the
TiO peak was the same following the reaction. The SiO peak was not present on the
passivated surface, but the presence of the peak on the piranha treated surface indicated
that the bond between the silicon portion of the silane molecule and the butyl portion of
the silane molecule had not been disrupted. No significant change was seen in the SiOx
peak between the two metal surfaces, indicating that the polysiloxane chain formed
regardless of the amount of aldehyde silane present, since there was more aldehyde silane
on the piranha treated surface than on the passivated surface. There was a significant
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decrease in the SiO2 peak when comparing the passivated surface to the piranha treated
surface. The decrease is indicative of the increased amount of aldehyde silane present on
the piranha treated surface; not as many photoelectrons excited by the x-ray beam were
able to escape the closely pack aldehyde silane molecules on the piranha treated surface,
indicated by a lower peak area of SiO2. No significant change occurred when comparing
the C – O peak on the two metal surfaces. While there was more aldehyde silane on the
piranha treated surface, the C – O species is located at the terminal end of the molecule
and would allow more photoelectrons to be released; without the closely packed aldehyde
silane molecules preventing the escape of the photoelectrons, the detection of the C – O
species would be nearly identical since the photoelectrons on the aldehyde silane surface
were excited at the same binding energy. While the C = O peak was much higher on the
piranha treated surface than on the passivated surface, no real comparisons between the
two surface can be made, as the C = O peak was present on only one of nine piranha
treated surfaces.
When examining the silicon peak area, no significant changes were seen, with
respect to both the overall peak area and the high resolution peak areas. The aldehyde
silane is highly reactive, with both the surface and with itself. The lack of change in the
silicon high resolution peaks just likely confirms the molecule’s high reactivity. The SiO
peak, or the peak at the silicon end of the aldehyde silane molecule, connected the silicon
and the butyl group. This peak was not disturbed or broken during the aldehyde silane
deposition, which is indicated by the lack of change between the two metal surfaces.
SiO3 is indicative of a polysiloxane chain, or the connection the aldehyde silane makes to
itself; this peak is not significantly different between the two metals, an indication that it
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didn’t matter which surface the aldehyde silane was on, it would also react with itself to
form the chains. The final peak, SiO2, is located at the base of the aldehyde silane
molecule, and connected the aldehyde silane molecule to the titanium surface; no
significant change was seen here, indicating that the SiO2 species formed with every
possible TiO species, possibly leading to an increase in the adhesion strength of the
chitosan film.
No significant changes were seen when examining titanium, in either the overall
peak area or the high resolution peak areas. While there is no difference between the
peaks, there was originally a difference between the TiO peak on the passivated metal
and on the piranha treated metal. The lack of difference in the TiO peak following the
aldehyde reaction indicated that the aldehyde silane reacted strongly with almost every
TiO species available; there were less TiO species available on the passivated surface to
react with, but the aldehyde silane reacted with every species it could find, covering the
TiO species and reducing the amount of TiO detected. This indicated that there were
likely more aldehyde silane molecules bound to the piranha treated surface than to the
passivated surface, since more TiO species were present on the piranha treated surface.
The TiO2 peak is also not significantly different between the two metal treatments,
although it was higher on the passivated metal surface than on the piranha treated surface.
The lack of difference shows that the aldehyde silane not only reacted with the TiO
species, but reacted with itself to form polysiloxane chains across the surface, hiding the
non-reactive TiO2 species from detection.
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4.4.3.2 Passivated Metal Treatment: Comparing Reaction Steps
Significant changes were observed following each of the reaction steps performed
on the passivated metal surface. Following the aldehyde reaction step (1b), a significant
decrease of carbon was seen from the passivated surface to the aldehyde silane surface,
while a significant increase was seen from the aldehyde silane surface to the chitosan
surface, based on percentage. The peak area of carbon, however, showed a different
trend, with no significant difference between the passivated surface and the aldehyde
surface. Looking at the high resolution peaks, a significant change occurred on three
peaks, while three peaks were not originally present on the passivated surface. No
significant change occurred between the passivated surface and the peak identified as
elemental carbon, while the peak was not present on the chitosan surface. The lack of
change indicated that the presence of the elemental carbon did not affect bonding, but
also was not removed by sonication following the deposition of the aldehyde silane; the
elemental carbon is chemically bound to the passivated metal surface. The second peak,
C – C, showed a significant decrease between the passivated metal surface and the
aldehyde silane surface, while no significant change occurred between the aldehyde
silane surface and the chitosan surface. The decrease of the C – C peak indicated that not
all of the hydrocarbons present on the passivated surface were chemically bound to the
surface; the hydrocarbons were instead physically bound to the surface, through weak
hydrogen bonds. When the aldehyde silane was present, the weak hydrogen bonds were
broken, allowing the aldehyde silane to bond to the passivated metal surface. The peak
identified as C – O was not present on the passivated surface; however, the peak was
present following the deposition of the aldehyde silane and a significant increase was

363
seen on the chitosan film. This peak can be attributed to aldehyde silane molecule, where
the C – O group links the silicon element to the butyl group, to form Si – O – C. The
fourth peak, identified as C = O, shows a significant decrease between the passivated
metal surface and the aldehyde silane surface. This decrease is likely the result of the
removal of the physically bonded C = O on the surface of the passivated metal; the
aldehyde silane surface should have C = O present, as that group is the terminal group on
the aldehyde silane molecule. COOH is not present on the passivated metal surface, but
is present following the aldehyde silane reaction and following the chitosan reaction. The
COOH peak present on the aldehyde silane surface is likely due to a reaction between the
terminal group and the ethanol used to rinse the toluene from the surface, producing an O
– C – OH group, instead of keeping the C = O terminal group. The CO3+2 peak is present
on the passivated surface and following the two reaction steps; it decreases significantly
from the passivated surface to the aldehyde silane surface and it is not significantly
different between the aldehyde silane surface and the chitosan surface. The CO3+2 is
likely the result of contamination in the solvent, as the reaction does not support the
formation of the CO3+2 group; it could also be the result of a reaction between the surface
and the atmosphere during transport to the XPS machine. The final peak, CO3-2, is
present only on the aldehyde silane surface and is likely the result of a reaction with the
atmosphere during transport to the XPS machine. The changes of the C – C peak, the C –
O peak, the C = O peak, the COOH peak, and the CO3+2 peak following the chitosan
reaction are a part of the chitosan molecule and will be discussed in Section 4.4.4.
No statistical changes were seen between the oxygen peak on the passivated metal
and the aldehyde treated surface, based on percentage. However, a significant increase
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was seen in the oxygen peak based on peak area. A significant decrease in the TiO peak
was seen between the passivated metal and the aldehyde silane, while the peak was not
present on the chitosan surface; this decrease is the result of the bonding of the aldehyde
silane to the passivated metal, changing the peak to a Ti – O – Si peak, and also
decreasing the amount of photoelectrons that could escape, as the aldehyde silane is
slightly larger than the amino silane, with an addition carbon bond. In fact, the aldehyde
silane is approximately 20 angstroms long, without consideration for the angles within
the molecule, it stands to reason that the photoelectrons excited by x-ray source cannot
escape as frequently as the photoelectrons could when the aldehyde silane was not bound
to the metal surface. The –OH peak present on the passivated surface was not present
following the aldehyde silane deposition; following the chitosan reaction, however, the
peak was identified as SiO. The peak was not present following the aldehyde reaction
because of the formation of the Ti – O – Si peak, which completely removed the – OH
group from the surface due to the reaction between the aldehyde silane and the passivated
metal. The third peak, identified as C – O on the passivated surface, was identified as
SiOx on the aldehyde silane surface. Therefore, no comparison between the two surfaces
can be made. However, the presence of SiOx on the aldehyde silane surface indicated
that a reaction with the passivated surface did occur, resulting in the formation of SiOx
groups between the passivated surface and the aldehyde silane surface. The fourth peak
was identified as –(OH)3-3 on the passivated surface and as SiO2 on the aldehyde silane
surface and the chitosan surface; once again, the peak cannot be compared between the
passivated surface and the aldehyde silane surface. The presence of the SiO2 peak
following the deposition of the aldehyde silane indicated that the aldehyde silane
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molecule was bound to the titanium surface at the silicon end of the molecule, forming
the complex Ti – O – Si – O. A significant increase in the C – O peak was seen between
the passivated metal and the aldehyde silane surface, while no significant change was
seen between the aldehyde silane surface and the chitosan surface. The increase between
the passivated surface and the aldehyde silane surface is due to the increased amount of
C – O present at the silicon end of the aldehyde silane surface; the butyl portion of the
aldehyde molecule is bound to the silane by an oxygen, forming the Si – O – C bond,
which increased greatly from the passivated metal surface to the aldehyde silane surface.
The C = O peak was not present on the passivated metal surface; it was present on the
aldehyde silane surface, which was not significantly different from the chitosan surface.
The presence of the C = O group is due to the terminal group of the aldehyde silane,
which is C = O. The significant changes of the SiO, SiOx, and SiO2 peaks, along with the
peaks which did not change, identified as C – O and C = O, following the chitosan
reaction are a part of the chitosan molecule and will be discussed in Section 4.4.4.
The passivated metal surface did not have any silicon present, so all of the silicon
peaks were attributed to the deposition of the aldehyde silane. The SiOx peak was not
present on the aldehyde silane surface, but was present on the chitosan film. A
significant amount of SiO was present following the deposition of the aldehyde silane,
with no statistical change between the aldehyde silane and the chitosan film. The
presence of the SiO was due to the bond between silicon and the butyl group. The SiO3
peak on the aldehyde silane surface was more numerous than the other three peaks, and
was significantly higher than the SiO3 peak present on the chitosan surface; this peak
indicated the formation of the polysiloxane group, which helps stabilize the aldehyde
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silane on the surface. The SiO3 peak also indicated that the aldehyde silane was closely
packed on the passivated metal surface. The SiO2 peak was present on the aldehyde
silane surface, but was not present on the chitosan surface. This peak further indicated a
bond between the titanium surface and the aldehyde silane molecule, in support of the
SiO3 peak. The significant changes of the SiOx, SiO3, and SiO2 peaks, along with the SiO
peak which was not significantly different, present on the chitosan film will be covered in
Section 4.4.4, as the differences are the result of the chitosan molecule and not indicative
of the interaction between the aldehyde silane and the chitosan film.
A significant decrease in both the percentage and peak area of the titanium is seen
between the passivated surface and the aldehyde silane surface; there was no titanium
present following the chitosan reaction. A significant decrease was seen in the TiO peak
from the passivated surface to the aldehyde silane surface. This decrease is the result of
the aldehyde silane molecule reaction with the TiO peak to form Ti – O – Si. The
decrease is also the result of the aldehyde silane, which is larger than the amino silane by
a carbon bond; the increased size of the aldehyde silane molecule prevents the escape of
some photoelectrons, thereby reducing the amount of TiO. Since XPS can penetrate to,
at most a depth of 40 angstroms, and the aldehyde silane is approximately 20 angstroms
long, without consideration for the angles within the molecule, it stands to reason that the
photoelectrons excited by x-ray source cannot escape as frequently as the photoelectrons
could when the aldehyde silane was not bound to the metal surface. The second peak,
TiO2, also shows a significant decrease between the passivated metal surface and the
aldehyde silane surface. Because TiO2 is non-reactive, the reduction in the peak size is
the result of the polysiloxane group covering the surface and preventing the
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photoelectrons from escaping and being detected. A second TiO2 peak was present on
the aldehyde silane surface, which was not present on the passivated metal surface. This
second peak only confirms that there is the non-reactive TiO2 species, supporting the
presence of the first TiO2 peak. The final peak, TiC, was present only on the passivated
surface; the lack of this peak is the result of the polysiloxane chains covering the surface,
preventing the escape and detection of photoelectrons.
Because of the lack of titanium following the chitosan reaction step, and the
closeness of the silicon element to the titanium surface, the adhered film is too thick to
examine the reaction between the aldehyde molecule and the chitosan film. The film is
believed to be around 100 µm thick, based on the lower limit of thickness which can be
detected by the human eye. Since XPS can only penetrate 40 angstroms, or 4 nm, the
film is 10,000 times thicker than the penetration depth of XPS. It is this reason, the
thickness of the film, that makes any statistical similarities or differences between the
aldehyde reaction step and the chitosan reaction solely the result of the chitosan
molecule, not the result of the chemistry between the aldehyde silane and the chitosan
film; the chitosan films on all four treatment combinations will be discussed in Section
4.4.4.
4.4.3.3 Piranha Treated Metal: Comparing Reaction Steps
Significant changes were observed following each of the reaction steps performed
on the piranha treated metal surface. Following the aldehyde reaction step, a significant
increase of carbon was seen from the piranha treated surface to the aldehyde silane
surface, along with a significant increase from the aldehyde silane surface to the chitosan
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film surface, based on both percentage and peak area. Looking at the high resolution
peaks, three peaks were not present on the piranha treated surface; the four peaks that
were present on the piranha treated surface were not significantly different as compared
to the aldehyde silane surface. The first peak, which showed no significant difference
between the piranha treated surface and the aldehyde silane surface nor the aldehyde
silane surface and the chitosan film surface, was the elemental carbon peak; the lack of
difference indicated that the presence of elemental carbon did not affect bonding, but was
not removed by sonication following the deposition of the aldehyde silane. The C – C
peak was also present on all three surfaces, and showed no significant difference between
any of the reaction steps. The lack of change indicated that the hydrocarbons present on
the piranha treated surface were either not bound strongly and replaced by the aldehyde
silane molecules or was strongly bound and the aldehyde silane molecules deposited
around the bound hydrocarbons. The C – O peak was not present on the piranha treated
surface; following the deposition of the aldehyde silane, a significant amount was
present, while no significant increase was seen following the chitosan reaction. The
C – O peak can be attributed to the aldehyde silane molecule, where the C – O group
links the silicon element to the butyl group, to form Si – O – C. The fourth peak, C = O,
does not change significantly between the piranha treated metal and the aldehyde silane
surface, while a significant increase is seen following the chitosan reaction. The lack of
change is probably due to a two-fold occurrence; first, the C = O species may be
physically bonded to the piranha treated surface, which is removed when the aldehyde
silane molecules are introduced to the surface. After the physically bonded C = O is
removed, an increase is then seen since C = O is the terminal end of the aldehyde silane
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molecule and should be present following the aldehyde silane reaction step. COOH is
not present on the piranha treated surface, but is present following the aldehyde silane
reaction and shows a significant increase following the chitosan reaction. The COOH
peak present on the aldehyde silane surface is likely due to a reaction between the
terminal group and the ethanol used to rinse the toluene off the surface, producing an O –
C – OH group, instead of keeping the C = O terminal group. The CO3+2 peak is present
on the piranha treated surface and following the two reactions steps; there are no
statistical differences between any of the reaction steps. The CO3+2 peak is likely the
result of a reaction between the surface and the atmosphere during transport to the XPS
machine; it could also be contamination in the solvent, as the reaction does not support
the formation of the CO3+2 group. The CO3-2 peak is not present on the piranha treated
surface and shows no significant difference between the aldehyde silane surface and the
chitosan film surface; it is likely the result of a reaction with the atmosphere during
transport to the XPS machine. The significant changes of the C = O and COOH peaks,
along with the peaks which showed no significant differences, following the chitosan
reaction are a part of the chitosan molecule and will be discussed in Section 4.4.4.
The percentage and peak area of oxygen significantly decreased from the piranha
treated surface to the aldehyde silane surface and from the aldehyde silane surface to the
chitosan surface. A very significant decrease in the peak area of TiO occurred between
the piranha treated surface and the aldehyde silane surface; the peak was not present
following the chitosan reaction step. The significant decrease is the result of the bonding
of the aldehyde silane to the piranha treated surface, changing the peak to a Ti – O – Si
peak. The – OH peak present on the piranha treated surface could not be compared to the
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aldehyde silane surface, as it was identified as SiO following the aldehyde silane
reaction. The presence of the SiO peak indicates that the bond between the silicon
element and the butyl group of the aldehyde silane molecule was not disturbed in the
deposition and sonication process. The third peak, identified as C – O on the piranha
treated surface, was identified as SiOx following the reaction with the aldehyde silane. A
significant decrease was seen from the aldehyde silane reaction to the chitosan reaction;
the presence of the SiOx on the aldehyde silane surface indicated that a reaction with the
piranha metal surface, resulting in the formation of SiOx groups between the piranha
treated surface and the aldehyde silane molecules. The SiO2 peak present on the
aldehyde silane surface and the chitosan surface was also present on the piranha treated
surface, although it was identified as – (OH)3-3, since silicon was not present on the
piranha treated surface. The aldehyde silane surface and the chitosan surface showed no
significant difference; however, the piranha treated surface and the aldehyde silane
surface could not be compared as the identifications were different. The presence of the
SiO2 peak following the deposition of the aldehyde silane indicated that the aldehyde
silane molecule was bound to the titanium surface at the silicon end of the molecule,
forming the complex Ti – O – Si – O. The C – O peak was not present on the piranha
treated surface, but was present following the aldehyde reaction series; no significant
changes occurred between the aldehyde surface and the chitosan surface. The presence
of the C – O peak is due to the increased amount of C – O present at the silicon end of the
aldehyde silane molecule; the silicon is bound to the butyl portion of the aldehyde silane
molecule by an oxygen, forming the Si – O – C bond. The C = O peak was also not
present on the piranha treated surface; it was only present on the aldehyde silane surface
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and was not significantly different from the chitosan film. However, the C = O peak was
only present in one scan of nine, so no real comparisons could be made between the three
surfaces. The significant changes related to the SiO and SiOx peaks, along with the lack
of change related to the SiO2, C – O, and C = O peaks, following the chitosan reaction are
a part of the chitosan molecule and will be discussed in Section 4.4.4.
The piranha treated surface did not have any silicon present, so all of the silicon
peaks were attributed to the deposition of the aldehyde silane. The SiOx peak showed no
significant changes between the aldehyde silane surface and the chitosan film; however,
the SiOx peak was present on the aldehyde silane surface in only one scan out of nine, so
no real comparisons between the aldehyde surface and the chitosan surface can be made.
A significant amount of SiO was present following the deposition of the aldehyde silane;
there was also a significant decrease of the SiO peak following the chitosan reaction. The
presence of the SiO species was due to the bond between the silicon and the butyl group,
forming the complex Si – O – C. The SiO3 peak on the aldehyde silane surface showed a
significant decrease following the chitosan reaction. The presence of the SiO3 species
indicated the formation of the polysiloxane group, which helps stabilize the aldehyde
silane on the surface; it also indicated that the aldehyde silane was closely packed on the
piranha treated metal surface. The SiO2 peak was present on the aldehyde silane surface,
but was not present on the chitosan film surface; this peak further indicated that a bond
between the titanium surface and the aldehyde silane molecule formed, supporting the
bond formation of the SiO3 species. The significant changes of the SiO and SiO3 peaks,
along with the peaks which were not significantly different, following the chitosan film
reaction will be covered in Section 4.4.4, as these changes are related to the chitosan
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molecule and not to the reaction between the aldehyde silane molecules and the chitosan
film.
A significant decrease in both percentage and peak area of the titanium element
was seen between the piranha treated surface and the aldehyde silane surface; there was
no titanium present following the chitosan reaction. A significant decrease was seen in
the TiO peak from the piranha treated surface to the aldehyde silane surface; this decrease
is the result of the aldehyde silane molecule reacting with the TiO peak to form
Ti – O – Si. It is also the result of the increased size aldehyde silane, which is larger than
the amino silane by a carbon bond, preventing the escape of photoelectrons excited by the
x-ray beam, preventing the detection of the TiO peak. The TiO2 peak also shows a
significant decrease between the piranha treated metal and the aldehyde silane reaction
step. Because TiO2 is non-reactive, the reduction of the peak is likely the result of the
polysiloxane group covering the surface, which prevented the photoelectrons from
escaping, limiting the detection of TiO2. Since XPS can penetrate to, at most a depth of
40 angstroms, and the aldehyde silane is approximately 20 angstroms long, without
consideration for the angles within the molecule, it stands to reason that the
photoelectrons excited by x-ray source cannot escape as frequently as the photoelectrons
could when the aldehyde silane was not bound to the metal surface. The final peak, TiC,
was present only on the piranha treated surface; the lack of this peak is likely the result of
the coverage provided by the polysiloxane chains, preventing the escape and detection of
the photoelectrons.
Because of the lack of titanium following the chitosan reaction step, and the
closeness of the silicon element to the titanium surface, the adhered film is too thick to
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examine the reaction between the aldehyde molecule and the chitosan film. It is this
reason, the thickness of the film, that makes any statistical similarities or differences
between the aldehyde reaction step and the chitosan reaction solely the result of the
chitosan molecule, not the result of the chemistry between the aldehyde silane and the
chitosan film; the chitosan films on all four treatment combinations will be discussed in
Section 4.4.4.
4.4.4 Chitosan Films
The chitosan films were not analyzed within the different reaction series because
the films were so thick. The films are believe to be around 100 µm thick, while XPS can
only penetrate a depth of at most 100 angstroms, or around 10 nm; a nanometer is about
1000 times smaller (10-3) smaller than a micron (µm). Therefore, the chitosan film is too
thick for the x-ray beam to penetrate, which negates the ability to examine the interaction
between the silane and the chitosan film. However, the chitosan film itself can be
examined.
4.4.4.1 Chitosan Film Analysis based on Metal Treatment and Silane Treatment
The carbon peak area and percentage shows significant differences between each
of the films produced on the four treatment combinations. However, the peak area does
not support the trend set forth by the percentage. Based on percentage, the film produced
on the PiAm (piranha treated metal with amino silane) is significantly higher; however,
based on peak area, the film on PiAm is statistically the same as on the PaAm surface
(passivated metal with amino silane). The other two films, PaAl (passivated metal with
aldehyde silane) and PiAl (piranha treated metal with aldehyde silane), are significantly
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higher based on peak area, but are significantly lower than PiAm based on percentage.
The differences outlined are not the result of the treatment combination, but instead, the
likely result of the arrangement of the chitosan chains. The high resolution peaks of
carbon support the differences due to the arrangement of the chitosan chains. The
significant differences based on the C – C peak and the C – O peak indicate a different
arrangement of the chain, since the C – C bond is located on the opposite side of the C –
O bond, as shown in Figure 4.62. The significant difference based on the C = O peak is
also likely indicative of the different arrangement of the chitosan chain; the C = O bond is
located on the same side as the C – C bond, which it would cover and prevent the release
of photoelectrons. There is no significant change in the C – N – H peak between the four
treatment combinations, indicating that the amine group is present on all of the chitosan
films; this peak is necessary to bond to the aldehyde groups present on either the amino
silane – gluteraldehyde complex or the aldehyde silane molecule. The difference in the
amount of CaCO3 relates solely to the preparation of chitosan; before chitosan is used in
research, it is deacetylated and demineralized. The CaCO3 compound is incorporated by
shellfish in order to strength and stabilize the chitin exoskeleton; the presence of the
compound likely indicated that not all of the CaCO3 was pulled out in the
demineralization process. The lack of N – C on the PaAl and PaAm surfaces only further
indicates that the chain is arranged differently; the excited photoelectrons cannot escape
the large chitosan molecule to be detected.
Based on percentage, oxygen is not statistically different between the PaAl and
PiAm surface, while the peak area indicated that the PaAl and PaAm surfaces were not
statistically different. The significant changes of the oxygen peaks can be attributed to

375
the minerals left behind following the demineralization process. CaCO3, present on all
but the PiAl surface, was not significantly different, while the CaO peak was significantly
different. These differences just further support the incomplete removal of the calcium
mineral. SiO2 is also significantly different; the incomplete removal of silicon is also a
likely the result of the demineralization process. The NO peak and the C = O peak are
not significantly different, indicating that no significant changes exist with the chitosan
chain, just with the minerals present due to incomplete demineralization.
The calcium peak is not statistically different based on either percentage or peak
area. Shellfish take in calcium as a way to strengthen and stabilize the chitin
exoskeletons. Most of the calcium is removed in the demineralization process, but not all
of the calcium is removed. The three peaks present, CaO, CaHPO4, and CaCO3, are not
statistically different based on the treatment combinations, indicating that while the
demineralization process did not go to completion, a large amount of calcium was
removed.
Based on percentage, there is no significant change in the amount of nitrogen,
while the peak areas of the films supports this observation. There were some significant
changes in the high resolution peaks of nitrogen, which indicated that the arrangement of
the chitosan chain played a role in the detection of nitrogen. The N – C and C – N - H
peaks are significantly different, but all of the surfaces are connected, indicating that
some of the chains were turned with some of the amine group facing “up” and some of
the amine group facing “down”. This arrangement is likely due to twisting of the chitosan
chain, which occurred to get the polar groups aligned with the water in the solvent, since
similar molecules prefer to be together. The NH4+ peak on the surface of two of the films
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further supports the amine group facing “up”, since chitosan forms amine groups in
water.
Two of the four treatment combinations of silicon indicate that the PaAm and
PiAm surfaces are not significantly different; the peak area of silicon supports this. The
difference in the amount of silicon is the result of the living conditions of the shellfish
used to produce chitosan. Shellfish live on the bottom of the ocean, where sand, also
known as silicon dioxide, is located. Since the shellfish are on the bottom of the ocean, it
is likely that small crystals of silicon dioxide were present on the surface of the shellfish
when they were harvested. While silicon dioxide would be removed during the
demineralization process, residue may still remain as part of the ash content. The SiO,
SiOx, and SiO3 peaks all indicate that the demineralization process did not go to
completion.
The phosphorous peak is not statistically different based on either percentage or
peak area. The high resolution scans could not be studied as the peaks were too small for
accurate analysis. Phosphorous is taken in by shellfish to combine with calcium, as
shown in the calcium high resolution scan which showed as CaHPO4, to further support
and strengthen the chitin exoskeleton.
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Figure 4.62. Schematic representation of chitin and chitosan [4.44].
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4.4.4.2 Chitosan Film Analysis based on Metal Treatment
Because several of the elements were not statistically different based on the
treatment combinations, the films were split apart by metal treatment and silane treatment
to determine if any significant differences existed between the two treatments. The
carbon peak area and percentage indicated that there were significant differences between
the two metal treatments. The differences, however, are the result of the arrangement of
the chitosan chains, as the C – C, C – O, and C = O peaks were significantly different,
which indicate which way the chains were facing. The C – C and C – O peaks are on
opposite sides of the chitosan chain, while the C = O peak would “mask” both the C – C
and C – O peaks if it is facing “up”. The CaCO3 peak is also significantly different,
indicating that the demineralization process was not fully completed.
The oxygen peak is significantly higher on the passivated metal based on
percentage, but does not statistically change based on the peak area, with respect to the
metal treatments. The two peaks that are statistically different indicate a change in the
arrangement of the film and a chitosan film that is non-homogeneous. The change of the
NO peak indicates that the arrangement of the film is different, as there is a possibility
that the amine group reacted with the water when the chitosan was in solution to produce
a NO group. That group would then be turned into the film, as is the case with the
passivated metal, or on the surface of the film, as is the case with the piranha treatment.
The presence of CaO in a statistically different amounts between the metal treatments just
indicates that different amount of calcium were taken in by the shellfish used to produce
the chitosan. The chitosan film can be called non-homogeneous because the films were
all made from the same lot of chitosan.
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The calcium peak is not statistically different for the metal treatments, based on
either percentage or peak area. The demineralization process removed a large amount of
the calcium, as indicated by the lack of statistical differences in the three calcium peaks
present. However, the presence of the peaks does indicate that the shellfish did take in
calcium, as no calcium was present in the chemicals used to deposit the chitosan film.
The nitrogen peak was not significantly different based on percentage or peak
area for the metal treatments. The only significant difference is seen in the C – N – H
peak, which would indicate the arrangement of the chitosan chain. The higher amount of
the C – N – H peak on the piranha treated surface is the result of the amine group facing
“up”, as compared to facing “down” on the passivated surface.
The silicon percentage and peak area indicated that the two different metal
treatments resulted in significantly different amounts of silicon present on the surface of
the chitosan film. The differences are related to the demineralization process. Silicon
would be present due small crystals of sand that were likely present on the surface of the
shellfish when they were harvested. While the silicon would be removed during the
demineralization process, residue may still remain.
As with the treatment combinations, the phosphorous peak is not statistically
different based on either percentage or peak area. The high resolution scans could not be
studied as the peaks were too small for accurate analysis. Phosphorous is taken in by
shellfish to combine with calcium, as shown in the calcium high resolution scan which
showed as CaHPO4, to further support and strengthen the chitin exoskeleton.
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4.4.4.3 Chitosan Film Analysis based on Silane Treatment
The carbon peak area and percentage indicated that there were significant
differences between the two silane treatments. The differences, however, are, once again,
the result of the arrangement of the chitosan chains, as the C – C, C – O, and C = O peaks
were significantly different, which indicate which way the chains were facing. The C – C
and C – O peaks are on opposite sides of the chitosan chain, while the C = O peak would
“mask” both the C – C and C – O peaks if it is facing “up”.
The oxygen peak does not statistically change based on percentage, but is varies
significantly based on peak area. The high resolution peaks indicate a significant change
in the CaO peak only; this change further indicates that the chitosan films are not
homogeneous, but vary due to the number of shellfish used to create the chitosan powder.
The calcium peak is not statistically different based on either percentage or peak
area, for the silane treatments. As previously stated, shellfish take in calcium as a way to
strengthen and stabilize the chitin exoskeletons; the calcium is removed through a
demineralization process, but not all of the calcium is removed in the process. The three
peaks present, CaO, CaHPO4, and CaCO3, are not statistically different based on the
treatment combinations, indicating that while the demineralization process did not go to
completion, a large amount of calcium was removed.
The nitrogen peak was not significantly different based on percentage or peak
area for the silane treatments. The C – N – H peak was present on both the aldehyde
silane surface and the amino silane surface and was significantly higher on the amino
silane surface. As with the metal treatment, the arrangement of the chain accounts for the
difference in the C – N – H peak; the chitosan on the amino silane surface has the amine
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group on the top of the film, while the chitosan on the aldehyde silane surface likely has
the amine facing into the film.
The silicon percentage and peak area indicated that the two different silane
treatments resulted in a significantly different amount of silicon present on the surface of
the chitosan film. The differences are related to the demineralization process. All of the
silicon peaks seen in the high resolution scans were significantly different; these
differences are the result of the demineralization process and the heterogeneous nature of
the individual shellfish, which would likely each have different amounts of the small sand
crystals on their exoskeletons. While the sand would be removed during the
demineralization process, residue may still remain.
As with the treatment combinations, the phosphorous peak is not statistically
different based on the percentage; the peak area, however, is statistically different for the
silane treatments. The high resolution scans could not be studied as the peaks were too
small for accurate analysis. Phosphorous is taken in by shellfish to combine with
calcium, as shown in the calcium high resolution scan which showed as CaHPO4, to
further support and strengthen the chitin exoskeleton. The statistical difference is solely
related to the individual intake and use by the shellfish used to produce the chitosan,
which results in a non-homogenous mixture.
4.5 Summary
In order to determine the major differences between the standard treatment
method, which created a passivated titanium surface, and the new treatment method,
which utilized piranha to create – OH groups on the titanium surface, XPS analysis was
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performed on the metals surfaces following one of the two metal treatments. Significant
changes were seen between the three elements present, with the most significant
difference with respect to the silane reactions occurring to the titanium element. The
highly reactive peak, TiO, was much more prevalent on the piranha treated surface than
on the passivated surface, indicating that the piranha surface should bind more silane
molecules than the passivated surface.
The first set of comparisons was made using the individual reactions steps of the
amino silane reaction series on the two metal treatments. Significant changes in several
elements occurred between the two different metal treatments following the first reaction
step, the deposition of the amino silane with the metal surface. The changes that were
seen, specifically a significant difference in the amount of nitrogen, silicon, and titanium,
indicated that the piranha treated surface did likely bind more amino silane than the
passivated surface. The higher amount of silane bound by the piranha treated surface was
best illustrated by the significant differences in the C – N – H peak, which is the reactive
amine group on the terminal end of the amino silane, and in the TiO peak, which was
much less on the piranha treated surface than on the passivated surface, likely indicating
more silane molecules were bound following the amino silane reaction, since the peak
was originally higher on the piranha treated surface. The gluteraldehyde reaction step on
the two metal treatments further indicated that more silane molecules were bound to the
surface of the piranha treated metal, as the nitrogen peak, which would not be fully
“covered” by the gluteraldehyde was still much higher on the piranha treated metal than
on the passivated metal.
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The second sets of comparisons were made by comparing the reaction steps of the
amino silane reaction series on each of the two metal treatments. A significant drop
between the passivated metal surface and the amino silane surface of the titanium peak,
and specifically of the TiO peak, indicated that the anticipated surface reaction was likely
occurring as desired. Since there was no nitrogen or silicon present on the passivated
surface, the deposition of the amino silane is the only way nitrogen and silicon could
become present on the metal surface; a decrease of the reactive C – N – H nitrogen peak
further indicated that the anticipated surface reaction was likely occurring as desired. An
even greater drop in the titanium peak between the piranha treated metal surface and the
amino silane surface was seen when examining the second metal treatment. The highly
reactive TiO peak also dropped significantly, again indicating that the anticipated surface
reaction had likely occurred. As with the passivated metal, neither nitrogen nor silicon
were present on the piranha treated surface; the only way for nitrogen and silicon to exist
on the surface was through the deposition of the amino silane. The significant decrease
of the amine group on the terminal end of the amino silane, identified as C – N – H,
further serves as indication that the anticipated surface reaction is occurring as desired.
The third set of comparisons, and the first set of aldehyde silane comparisons, was
made using the individual reaction step of the aldehyde silane reaction series on the two
metal treatments. There were no significant differences between any of the elements
present on the survey, while only a few significant differences between the high
resolution peaks. The lack of difference between the two surfaces is an indication of how
highly reactive the aldehyde silane molecule is, with both the titanium surface and with
itself. There was significant polysiloxane formation, identified as SiO3, on both surfaces,
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indicative of the aldehyde silane molecule’s reaction with itself, while there were very
small TiO peaks, indicative of the aldehyde silane molecule’s reaction with the metal
surface.
The fourth sets of comparisons were made using the reaction steps of the
aldehyde silane reaction series on each of the two metal treatments. A significant drop
between the passivated surface and the aldehyde silane surface of the titanium peak and
the TiO peak indicate that the anticipated surface reaction is occurring as drawn. Since
there was no silicon present on the passivated surface, the deposition of the aldehyde
silane is the only way silicon could become present on the metal surface; the increased
presence of the C – O peak, or the base group on the aldehyde silane, also indicated that
the reaction was likely proceeding as anticipated, since this peak should increase if the
anticipated reaction was correct. The anticipated surface reaction between the piranha
treated surface and the aldehyde silane molecule was seen also, because of the significant
drop in the titanium peak and the TiO peak. As with the passivated metal, no silicon was
present on the piranha treated surface. The increase in silicon can only be caused by the
deposition of the aldehyde silane. The presence of the C – O peak, which is the species
that connects the silicon to the butyl group, along with presence of COOH peak, or the
terminal group of the aldehyde silane with a reaction with ethanol, demonstrated that the
anticipated aldehyde reaction did occur as expected.
The chitosan films based on treatment combination showed several statistical
variations, most of which were likely the result of an incomplete demineralization
process. Also, the chitosan films showed variations based on the arrangement of the
chains, with the majority of the significant differences caused by the photoelectrons that
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were able to escape from the film in the most numerous quantities. The metal treatments
and silane treatments further support the arrangement of the chitosan chains. The metal
treatments and silane treatments also show that the films were not homogeneous, as the
calcium oxide amounts varied. This variation is related to the uptake and use of calcium
by the shellfish, as some shellfish would likely use more calcium than others would.
The research performed on the surfaces following the different reaction steps
indicated that significant differences existed in the peak of importance. The significant
decrease of the TiO peak, the significant increases of the SiO and SiO3 peaks following
both silane reactions, the significant increase of the C – N – H peak following the amino
silane reaction, and the significant increases of the C = O and COOH peaks following the
aldehyde silane reaction all indicated that the reactions were proceeding as anticipated.
The anticipated amino silane reaction was further supported with the increase in the
amount of the C = O and COOH peaks, along with the decrease of the C – N – H peak
following the gluteraldehyde reaction. The treatment combinations did not affect the
chemical structure of the chitosan films, however, as these films were not statistically
different.

CHAPTER V
MECHANICAL ANALYSIS OF THE FOUR TREATMENT COMBINATIONS
5.1 Introduction
Chemical characterization of the chitosan films produced from the metal – silane
treatment combinations does not adequately test all aspects of the films. Chemical
characterization only allows the researcher to determine the reactions occurring.
Therefore, a combination of both chemical and mechanical testing is necessary to fully
characterize these films. Mechanical testing must be performed, to determine the
adhesion strength of the film and to determine the effects of the treatment combinations
on the bulk properties of the chitosan films.
5.2 XPS Examination of Films Used in Mechanical Testing
5.2.1 XPS Results
In order to ensure that the films produced for mechanical testing where similar to
the films produced for chemical analysis, two samples were removed from each batch of
films produced for mechanical testing. These two samples were run using XPS to ensure
that the films were statistically similar. Table 5.1 shows the elemental percentage of the
different elements present for all of the chitosan films produced as compared to the films
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produced for the mechanical testing. The percentage of nitrogen, calcium, and
phosphorous present in the films used in mechanical testing were not statistically
different from the films used in chemical analysis. There was some variation between the
elemental percentage and the peak area of the carbon, oxygen, and silicon peaks. Table
5.2 shows the peak areas of the chitosan films for the elements that varied significantly.
However, even though variation occurred, the films produced for mechanical testing were
not statistically different from at least one of the films used in chemical analysis. Figure
5.1 compares the survey scan graphs of the different chitosan films with the survey scan
graphs of the films used in mechanical testing.

Table 5.1. Elemental percentage based on XPS survey scans of chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino
Films for Oak Ridge
Films for Memphis

Carbon
62.944 ± 2.606a %
65.478 ± 1.209b %
64.478 ± 1.435a,b %
68.322 ± 1.251c %
68.300 ± 1.010c %
69.017 ± 1.003c %

Oxygen
24.967 ± 1.766d %
27.711 ± 1.152 %
26.233 ± 0.850 %
24.644 ± 1.026d,e %
23.817 ± 1.430d,e %
23.600 ± 0.540e %

Nitrogen
4.600 ± 1.109f %
5.533 ± 0.943f %
5.033 ± 0.707f %
5.100 ± 0.458f %
5.233 ± 1.145f %
5.650 ± 0.712f %

Calcium
0.956 ± 0.364g %
0.722 ± 0.595g %
1.167 ± 0.409g %
0.978 ± 0.367g %
0.867 ± 0.350g %
1.083 ± 0.417g %

Silicon
6.011 ± 1.522 %
0.167 ± 0.500h %
2.244 ± 1.549j %
0.678 ± 0.746h,j %
1.317 ± 1.093h,j %
0.333 ± 0.816h %

Phosphorous
0.656 ± 0.347k %
0.344 ± 0.495k %
0.856 ± 0.425k %
0.289 ± 0.425k %
0.467 ± 0.585k %
0.300 ± 0.35k %

Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.2. Peak area of elements present based on XPS survey scans of chitosan films.
Metal Treatment
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino
Films for Oak Ridge
Films for Memphis

Carbon
23908.11 ± 1135.918a
22729.00 ± 683.113b,c
24787.11 ± 725.403
23105.67 ± 457.128c
23811.67 ± 385.904a
23467.25 ± 282.100a,b

Oxygen
23266.83 ± 1837.595c
23494.94 ± 1202.418c
24753.33 ± 1047.742c
20468.56 ± 1237.012d
20388.92 ± 1628.339d
19514.00 ± 606.265d

Silicon
2030.278 ± 560.724
52.167 ± 156.500e
773.667 ± 532.505f
205.000 ± 228.642e
388.833 ± 317.235e,f
98.500 ± 241.275e

Values with the same superscript are not statistically different at the 5% significance level.
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Survey Scan of Chitosan Films for Mechanical Testing
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Figure 5.1. Survey scans of representative chitosan films used for mechanical testing.
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(a) Representative scan from chemical analysis. (b) Representative scan for Mechanical Testing performed at Oak Ridge
National Lab. (c) Representative scan for Mechanical Testing performed at the University of Memphis.
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5.2.2 XPS Discussion
While statistically significant variation occurred among the films produced using
different techniques, the variation did not affect the films produced for mechanical
testing. For each of the elements present, the films were not significantly different from
at least one of the films produced for the chemical analysis. The lack of statistical
variation indicates that the films produced for mechanical testing match the films
produced for chemical testing. Since the films for mechanical testing are statistically
equivalent to the films for chemical analysis, any mechanical results that demonstrate an
improvement in film quality can be attributed to the treatment combinations and not to a
change in the chemistry of the film.
5.3 Results
Mechanical testing is an important part of determining the quality of the films.
As part of this research, hardness, elastic modulus, bulk adhesion, and contact angle
measurements were taken.
5.3.1 Hardness and Elastic Modulus
In order to determine the hardness and the elastic modulus of the films produced
from the different metal – silane treatments, constant stiffness measurements, or CSM,
nano-indentation tests were performed. CSM allows the computer to calculate the
stiffness of the material, which is directly related to the hardness and the elastic modulus.
There are several equations used in the calculation of stiffness, hardness, and elastic
modulus. To begin with, the load applied to the test material is first calculated, using
equation 5.1.

P = B (h − h f
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)

m

(5.1)

where B and m are empirically fitted parameters, h is the resulting penetration, and hf is
the final displacement after complete unloading [5.1]. Following the determination of B
and m, the stiffness of the material can be calculated, using equation 5.2.
S=

B * m * (h − h f
h = hmax

)

m −1

(5.2)

where hmax is the maximum depth of penetration [5.1]. The calculation of the stiffness of
the material allows the researcher to calculate the contact depth, hc, using equation 5.3.

hc =

h − εP
S

(5.3)

where ε is a constant that depends on the indenter geometry [5.1]. The contact depth then
allows the researcher to calculate the projected contact area, which is a function of
contact depth as shown in equation 5.4.

A = f (hc )

(5.4)

The determination of the projected contact area, A, and the load applied to the surface, P,
allows the researcher to calculate the hardness of the material by using equation 5.5 [5.1].

H=

P
A

(5.5)

Since the researcher has also determined the stiffness, the reduced elastic modulus can be
calculated from equation 5.6.

Er =

π *S
2β A

(5.6)
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where β is a constant that depends only on the geometry of the indenter [5.1]. The elastic
modulus is then calculated from equation 5.7.

) (

(

1 − vi
1
1− v2
=
+
Er
E
Ei

2

)

(5.7)

where v is Poisson’s ratio and Ei and vi are the elastic modulus and Poisson’s ratio of the
indenter, respectively [5.1]. The only major difference that is apparent when using the
continuous stiffness measurements (CSM) as compared to the above equations is the
equation needed for stiffness. When using CSM, equation 5.8 is used instead of equation
5.2.



1
1 

−
S=
Kf 
 Fo cos φ − K − mω 2
s
z

 o


(

−1

)

(5.8)

where Fo is the excitation amplitude, zo is the displacement amplitude, φ is the phase
angle, Ks is the stiffness of the support springs, m is the indenter column, ω is the
excitation frequency, and Kf is the load-frame stiffness [5.2].
The mean and standard deviation for each of the four different treatment
combinations are shown in Table 5.3. Since all of the means were not significantly
different, analysis was also performed to determine if differences existed between the
individual metal treatments and the individual silane treatments. The means and standard
deviations of the individual metal treatments are shown in Table 5.4, while the means and
standard deviations of the individual silane treatments are shown in Table 5.5. No
significant statistical variation occurs based on the combinations, with means ranging
from 0.14 ± 0.08 GPa to 0.19 ± 0.08 GPa, or the individual treatments, with means
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between the range of the combinations. Thus, no significant difference in the hardness of
the films was observed as a function of film preparation.
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Table 5.3. Hardness and elastic modulus of the chitosan films.
Treatment Combination
Hardness (GPa)
Elastic Modulus (GPa)
a
Passivated, Aldehyde
4.82 ± 2.33b
0.14 ± 0.08
Passivated, Amino
4.90 ± 1.82b
0.19 ± 0.08a
Piranha, Aldehyde
4.53 ± 1.20b
0.15 ± 0.06a
Piranha, Amino
4.78 ± 0.64b
0.18 ± 0.04a
Values with the same superscript are not statistically different at the 5% significance
level.
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Table 5.4. Hardness and elastic modulus of the chitosan films based on metal treatment.
Metal Treatment
Hardness (GPa)
Elastic Modulus (GPa)
a
Passivated
4.86 ± 2.08b
0.16 ± 0.08
Piranha
4.67 ± 0.94b
0.17 ± 0.05a
Values with the same superscript are not statistically different at the 5% significance
level.
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Table 5.5. Hardness and elastic modulus of the chitosan films based on silane treatment.
Silane Treatment
Hardness (GPa)
Elastic Modulus (GPa)
a
Aldehyde
4.69 ± 1.89b
0.15 ± 0.07
Amino
4.84 ± 1.34b
0.18 ± 0.06a
Values with the same superscript are not statistically different at the 5% significance
level.
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5.3.2 AFM and SEM Pictures of Indentation Marks
Significant effects of the hardness and the elastic modulus values were not evident
based on the calculations performed. In order to determine if the films were similar in
their topography before testing and in their reaction to the applied stress after testing,
AFM and SEM were performed. Both the untouched films and the indentation locations
were examined for all of the treatment combinations. The passivated metal with
aldehyde silane AFM pictures are shown in Figure 5.2, while the SEM pictures are shown
in Figure 5.3. The passivated metal with amino silane AFM pictures are shown in Figure
5.4, while the SEM pictures are shown in Figure 5.5. The piranha treated metal with
aldehyde silane AFM pictures are shown in Figure 5.6, while the SEM pictures are shown
in Figure 5.7. Finally, the piranha treated metal with amino silane AFM pictures are
shown in Figure 5.8, while the SEM pictures are shown in Figure 5.9. No apparent
differences were seen between topography or the films’ reaction to stress based on both
the AFM and SEM pictures.

Figure 5.2. AFM pictures of passivated metal with aldehyde silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.

Figure 5.3. SEM pictures of passivated metal with aldehyde silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.

Figure 5.4. AFM pictures of passivated metal with amino silane.
(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.
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Figure 5.5. SEM pictures of passivated metal with amino silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.

Figure 5.6. AFM pictures of piranha treated metal with aldehyde silane.
(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.
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Figure 5.7. SEM pictures of piranha treated metal with aldehyde silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.

Figure 5.8. AFM pictures of piranha treated metal with amino silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.

Figure 5.9. SEM pictures of piranha treated metal with amino silane.
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(a) Shows the full indentation mark. (b) Shows the pile-up produced by the indentation tip. (c) Shows the nearby film.
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5.3.3 Roughness
The hardness and elastic modulus results were determined using CSM nanoindentation. In order to determine the roughness of the different films, AFM was used to
analyze the chitosan films. Table 5.6 shows the means and standard deviations of the
roughness of the chitosan films based on metal – silane treatment; measurements were
taken on both the x-axis and the y-axis, as demonstrated in Figure 5.10. Since no
statistically significant differences were present, analysis was also performed on the
individual metal treatments, as shown in Table 5.7, and the individual silane treatments,
as shown in Table 5.8. No significant statistical variation occurs based on the
combinations, with the roughness means ranging from 244.10 ± 100.62 nm to 352.52 ±
122.15 nm for the x-axis and means ranging from 270.51 ± 111.77 nm to 346.72 ±
127.95 nm, or the individual treatments, with means between the range of the
combinations. The locations for the roughness measurements were chosen to minimize
the dust deposited during the evaporation of the films. Figure 5.11 graphically shows the
roughness of the four different films as determined using the x-axis measurements, while
Figure 5.12 graphically shows the roughness of the four different films as determined
using the y-axis measurements. All of the figures show no apparent differences in
topography as a result of the sample treatment, further confirming the statistical analysis
that no significant differences in film roughness occurred.
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Table 5.6. Roughness of the chitosan films.
Treatment Combination
X Axis Roughness (nm) Y Axis Roughness (nm)
Passivated, Aldehyde
346.72 ± 127.95b
352.52 ± 122.15a
Passivated, Amino
280.42 ± 124.26b
279.16 ± 126.92a
Piranha, Aldehyde
270.51 ± 111.77b
244.10 ± 100.62a
Piranha, Amino
290.99 ± 155.43b
328.85 ± 98.60a
Values with the same superscript are not statistically different at the 5% significance
level.

409
Table 5.7. Roughness of the chitosan films based on metal treatment.
Metal Treatment
X Axis Roughness (nm) Y Axis Roughness (nm)
Passivated
313.57 ± 127.11b
315.84 ± 126.60a
Piranha
280.15 ± 130.11b
283.98 ± 105.91a
Values with the same superscript are not statistically different at the 5% significance
level.
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Table 5.8. Roughness of the chitosan films based on silane treatment.
Silane Treatment
X Axis Roughness (nm) Y Axis Roughness (nm)
Aldehyde
308.62 ± 122.97b
298.31 ± 122.05a
Amino
285.39 ± 135.35b
302.54 ± 113.85a
Values with the same superscript are not statistically different at the 5% significance
level.

Figure 5.10. AFM pictures of the films.
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The X-Axis is determined from calculations horizontal black lines, while the Y-Axis is determined from calculations using
the vertical black lines. (a) Passivated Metal with Aldehyde Silane. (b) Passivated Metal with Amino Silane. (c) Piranha
Treated Metal with Aldehyde Silane. (d) Piranha Treated Metal with Amino Silane.
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Figure 5.11. X-Axis roughness diagrams for the chitosan films produced by the four treatment combinations.
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Figure 5.12. Y-Axis roughness diagrams for the chitosan films produced by the four treatment combinations.
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5.3.4 Scratch Testing
Scratch testing was used to establish the adhesive strength of the films and to
determine if any of the metal-silane combinations increased that adhesive strength. The
means and standard deviations of the critical load applied to the films, along with depth
of the scratch and the scratch width are shown in Table 5.9. Since there were values that
were not statistically different, analysis was also performed on the critical load, scratch
depth, and scratch width of the individual metal treatments and silane treatments, as
shown in Table 5.10 and Table 5.11, respectively. The piranha treated films did
experience higher critical loads, deeper scratch depths, and wider scratch widths, but the
different silanes only experienced a difference in the scratch width, with the amino
treated films having a more narrow scratch than the aldehyde treated films.
The means and standard deviations of the scratch height, residual depth, and
pile – up height for each of the four treatment combinations are shown in Table 5.12.
Since some of the values were not statistically different, analysis was also performed on
the individual metal treatments and individual silane treatments, as shown in Table 5.13
and Table 5.14, respectively. The silane treated films shows a difference in scratch
height and residual depth, but no difference in pile – up height; the aldehyde treated films
had much deeper scratches and the residual depth was also much deeper. The films
produced on the different metal treatments showed only a statistical difference in
pile – up height, with the passivated films having much higher piling than the piranha
treated films.
SEM was used to analyze the scratches produced. Figure 5.13 shows the
scratches produced on the passivated metal with aldehyde silane, while Figure 5.14
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shows the scratches produced on the passivated metal with amino silane. Figure 5.15
shows the scratches produced on the piranha treated metal with aldehyde silane, while
Figure 5.16 shows the scratches produced on the piranha treated metal with amino silane.
Some differences in the films were noticed, but no delamination events occurred; the lack
of delamination events negated the ability to use any work of adhesion or shearing force
equations.

Table 5.9. Critical load, depth, and scratch width of the chitosan films.
Treatment Combination
Critical Load (mN)
Depth (nm)
Scratch Width (µm)
a
Passivated, Aldehyde
3764.07 ± 2029.53c 69.33 ± 4.43d
234.91 ± 238.30
Passivated, Amino
6507.44 ± 2045.33c 69.66 ± 1.29d
322.32 ± 76.52a
Piranha, Aldehyde
10534.75 ± 397.85
84.54 ± 5.04
539.93 ± 18.90b
b
c
Piranha, Amino
5454.87 ± 3958.11
73.20 ± 1.64d
583.18 ± 0.27
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.10. Critical load, depth, and scratch width of the chitosan films based on metal treatment.
Metal Treatment
Critical Load (mN)
Depth (nm)
Scratch Width (µm)
Passivated
283.47 ± 195.08
5288.16 ± 2393.09
69.51 ± 2.87
Piranha
559.15 ± 37.58
8277.02 ± 3622.46
79.50 ± 7.03
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.11. Critical load, depth, and scratch width of the chitosan films based on silane treatment.
Silane Treatment
Critical Load (mN)
Depth (nm)
Scratch Width (µm)
a
Aldehyde
7525.56 ± 3789.15b
77.78 ± 9.19
404.37 ± 219.16
Amino
6039.63 ± 2876.53b
71.23 ± 2.31
438.26 ± 183.14a
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.12. Scratch height, residual depth, and pile-up height of the chitosan films.
Treatment Combination
Scratch Height (nm) Residual Depth (nm)
Pile-Up Height (nm)
a
a
Passivated, Aldehyde
3889.56 ± 833.61
1994.45 ± 696.29c
5884.02 ± 1142.58
Passivated, Amino
2382.14 ± 65.21b
1597.93 ± 86.78c
3890.07 ± 92.72c
a,b
a
Piranha, Aldehyde
4144.36 ± 475.53
1019.19 ± 331.96
5163.55 ± 524.72
Piranha, Amino
1707.91 ± 100.54c
4462.58 ± 262.54b,c 2754.67 ± 174.06b
Values with the same superscript are not statistically different at the 5% significance level.

419

Table 5.13. Scratch height, residual depth, and pile-up height of the chitosan films based on metal treatment.
Metal Treatment
Scratch Height (nm) Residual Depth (nm) Pile-Up Height (nm)
Passivated
3052.11 ± 945.47b
1774.16 ± 478.80
4826.27 ± 1225.07a
a
b
Piranha
3526.72 ± 812.95
1325.29 ± 436.63
4852.00 ± 547.72
Values with the same superscript are not statistically different at the 5% significance level.

420

Table 5.14. Scratch height, residual depth, and pile-up height of the chitosan films based on silane treatment.
Silane Treatment
Scratch Height (nm) Residual Depth (nm) Pile-Up Height (nm)
Aldehyde
5483.75 ± 878.30
4031.12 ± 625.85
1452.64 ± 707.89a
Amino
4194.52 ± 307.92
2547.71 ± 228.11
1646.81 ± 104.48a
Values with the same superscript are not statistically different at the 5% significance level.
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Figure 5.13. SEM pictures of the scratches produced on passivated metal with aldehyde
silane.
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Figure 5.14. SEM pictures of the scratches produced on passivated metal with amino
silane.
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Figure 5.15. SEM pictures of the scratches produced on piranha treated metal with
aldehyde silane.
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Figure 5.16. SEM pictures of the scratches produced on piranha treated metal with amino
silane.
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5.3.5 Bulk Adhesion
Because no delamination events occurred using scratch tests, bulk adhesion tests
were performed. A standard protocol, as developed at the University of Memphis, was
used to ensure that comparisons with the literature were accurate. A glue baseline was
first produced, in order to determine if the failure occurred in the glue, within the film, or
at the metal – film interface. Following the glue baseline, the four different treatment
combinations were tested. Bulk adhesion tests the tensile strength of the glue, the film,
and the film-metal interface. A load is applied over a specified contact area; tensile
strength is then calculated from those specifications using the following formula:

Stress(MPa ) =

Load ( N )
Area mm 2

(

)

(5.8)

The load was applied by the machine, while the area was set at 123 mm2, as determined
by the diameter of the pin. Table 5.15 shows the means and standard deviations of
maximum load at break and the tensile stress applied to the films; only one film, a
passivated metal with amino silane, was pulled from the surface of the metal, but its
adhesion strength was not significantly different from the other tests. Since the values
were not statistically different, analysis was performed on the individual metal treatments
and individual silane treatments, with the means and standard deviations shown in Table
5.16 and Table 5.17, respectively. No significant statistical variation occurs based on the
combinations, with the means for the maximum load at break ranging from 2055.67 ±
440.18 N to 2403.33 ± 200.85 N and the means for tensile strength ranging from 16.69 ±
3.57 MPa to 19.50 ± 1.63 MPa; also, no significant statistical variation occurs based on
the individual treatments, with both the maximum load at break and tensile strength
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means located in between the range of the combinations. The maximum load at break for
the glue and the tensile strength of the glue were much less, with means of 635.76 ±
222.36 N and 5.22 ± 1.77 MPa, respectively. SEM images of the films and pins were
taken following the bulk adhesion tests. Figure 5.17 shows the fracture of the glue on the
chitosan and the fracture of the glue on the aluminum pin, which was representative of
eleven of the twelve samples. Figure 5.18 shows the fracture of the chitosan film on the
metal surface and the fracture of the chitosan film on the aluminum pin, which occurred
on only one sample.

Table 5.15. Maximum load at break and tensile stress of the chitosan films.
Treatment Combination
Maximum Load (N)
Tensile Stress (MPa)
Glue
5.22 ± 1.77
635.76 ± 222.36
a
Passivated, Aldehyde
17.77 ± 6.72b
2190.33 ± 831.22
a
Passivated, Amino
16.69 ± 3.57b
2055.67 ± 440.18
Piranha, Aldehyde
19.50 ± 1.63b
2403.33 ± 200.85a
Piranha, Amino
16.88 ± 9.05b
2081.33 ± 1113.99a
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.16. Maximum load at break and tensile stress of the chitosan films based on metal treatments.
Metal Treatment
Maximum Load (N)
Tensile Stress (MPa)
Glue
5.22 ± 1.77
635.76 ± 222.36
a
Passivated
17.23 ± 4.85b
2123.00 ± 599.43
a
Piranha
18.19 ± 5.99b
2242.33 ± 737.31
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.17. Maximum load at break and tensile stress of the chitosan films based on silane treatments.
Silane Treatment
Maximum Load (N)
Tensile Stress (MPa)
Glue
5.22 ± 1.77
635.76 ± 222.36
a
Aldehyde
18.64 ± 4.48b
2296.39 ± 533.28
a
Amino
16.79 ± 6.16b
2068.50 ± 757.69
Values with the same superscript are not statistically different at the 5% significance level.
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Figure 5.17. SEM pictures of the fracture of the glue after bulk adhesion tests.
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The fracture of the glue on the chitosan film surface is shown in (a), while the fracture of the glue on the pin surface is shown
in (b).

Figure 5.18. SEM pictures of the fracture of the chitosan film after bulk adhesion tests.
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The fracture of the chitosan film on the metal surface is shown in (a), while the fracture of the chitosan film on the pin
surface is shown in (b).

433

5.3.6 Contact Angle
Contact angle tests were performed to determine if the chitosan films were
hydrophilic or hydrophobic. The films produced from the four treatment combinations
were tested to determine if the treatment caused a change in the hydrophilicity of the
films. Table 5.18 shows the means and standard deviations of the contact angles
produced on the right side and the left side of the water droplet. Since there were no
statistical differences in the treatment combinations, analysis was performed on the
individual metal treatments and individual silane treatments, with the means and standard
deviations shown in Table 5.19 and Table 5.20, respectively. No significant statistical
variation occurs based on the combinations, with means for the left contact angles
ranging from 93.6 ± 7.0o to 97.7 ± 3.3o and means for the right contact angles ranging
from 93.6 ± 7.0o to 98.0 ± 3.611o; the means of the left and right contact angles were not
statistically different either, which were in the range of the contact angles for the
combinations. All of the contact angles indicated that the four treatment combinations
resulted in slightly hydrophobic films. Figure 5.19 shows the contact angles on each of
the four treatment combinations.

Table 5.18. Contact angles of the chitosan films.
Treatment Combination
Left Contact Angle
Right Contact Angle
oa
Passivated, Aldehyde
98.0 ± 3.6o b
97.7 ± 3.3
Passivated, Amino
94.1 ± 4.9o b
94.3 ± 5.3o a
oa
Piranha, Aldehyde
93.6 ± 7.0o b
93.6 ± 7.0
Piranha, Amino
95.1 ± 3.3o b
94.9 ± 3.3o a
Values with the same superscript are not statistically different at the 5% significance level.

434

Table 5.19. Contact angles of the chitosan films based on metal treatments..
Metal Treatment
Left Contact Angle
Right Contact Angle
oa
Passivated
96.1 ± 4.7o b
96.0 ± 4.7
Piranha
94.4 ± 5.4o b
94.3 ± 5.4o a
Values with the same superscript are not statistically different at the 5% significance level.
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Table 5.20. Contact angles of the chitosan films based on silane treatments.
Silane Treatment
Left Contact Angle
Right Contact Angle
a
Aldehyde
95.8 ± 5.9 b
95.7 ± 5.8
Amino
94.6± 4.1o b
94.6 ± 4.3o a
Values with the same superscript are not statistically different at the 5% significance level.
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Figure 5.19. Contact angle pictures of the water drop on the four treatment combinations.
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(a) Passivated Metal with Aldehyde Silane. (b) Passivated Metal with Amino Silane. (c) Piranha Treated Metal with
Aldehyde Silane. (d) Piranha Treated Metal with Amino Silane.
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5.4 Discussion
The results obtained from mechanical testing provide significant insight into the
quality of the chitosan films. The hardness and elastic modulus of a film provide
information about the ability of the material to withstand outside stresses, while scratch
testing and bulk adhesion testing provide information about the strength of the
metal – film interface. The roughness of the film provides information that will be useful
in determining the ability of cells to adhere to the surface; contact angle measurements
provide information about the hydrophilicity of the film, which relates to the ability of
the film to adhere proteins and allow cell attachment.

5.4.1 Hardness and Elastic Modulus
The hardness values and the elastic modulus values for each of the four treatment
combinations were not statistically different from the other values, or from literature
values. A comparison of the hardness and elastic modulus of our films with literature
values is shown in Table 5.21. The hardness values and the elastic modulus values did
not change because of the nature of nano-indentation. The nano-indenter could only
indent to a depth of 20 µm using a load of 500 mN; the chitosan film is close to 100 µm
and the reaction occurs at the metal – film interface, where the nano-indenter did not
reach. Therefore, the nano-indenter was only testing the chitosan film and not the effect
of the treatment on the film. By using nano-indentation, it has been demonstrated that the
chemical reaction does not affect the entire film; it has not been demonstrated how the
chemical reaction affects the chitosan at the metal – film interface however. Chitosan
films have demonstrated the ability to promote cell attachment and growth [5.7]; the lack
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of difference between our films and literature values with respect to the hardness and
elastic modulus should not affect the attachment and growth of bone cells.
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Table 5.21. Literature values for hardness and elastic modulus of chitosan films.
Researcher
Wang et. al. [5.3]

Wang et. al. [5.4]

Majd et. al. [5.5]

This Research

Chitosan Used
Chitosan
0.2% MWNT
0.4% MWNT
0.6% MNWT
0.8% MNWT
HAc-Cs
2.5% MMT
5.0% MMT
10.0% MMT
Cs
2.5% MMT
5.0% MMT
10.0% MMT
76% DDA- RT
92.3% DDA- RT
95.6% DDA- RT
76% - 40oC
92.3% - 40oC
95.6% - 40oC
76% - 70oC
92.3% - 70oC
95.6% - 70oC
76% - 90oC
92.3% - 90oC
95.6% - 90oC
Passivated, Aldehyde
Passivated, Amino
Piranha, Aldehyde
Piranha, Amino

Hardness (GPa)
0.12*
0.13*
0.17*
0.15*
0.15*
0.119 ± 0.006
0.136 ± 0.002
0.147 ± 0.008
0.164 ± 0.009
0.176 ± 0.004
0.195 ± 0.008
0.195 ± 0.022
0.199 ± 0.023
0.13 ± 0.05
0.12 ± 0.01
0.12 ± 0.04
0.14 ± 0.29
0.12 ± 0.01
0.13 ± 0.04
0.14 ± 0.29
0.13 ± 0.01
0.11 ± 0.04
0.12 ± 0.26
0.12 ± 0.01
0.11 ± 0.04
0.14 ± 0.08
0.19 ± 0.08
0.15 ± 0.06
0.18 ± 0.04

Elastic Modulus (GPa)
1.08 ± 0.04
1.33 ± 0.06
1.92 ± 0.07
2.08 ± 0.05
2.15 ± 0.09
3.76 ± 0.15
4.13 ± 0.09
4.39 ± 0.20
4.74 ± 0.34
4.39 ± 0.06
4.69 ± 0.15
4.71 ± 0.47
4.92 ± 0.41
3.66 ± 0.68
3.56 ± 0.25
4.02 ± 0.85
3.76 ± 0.55
3.65 ± 0.19
4.02 ± 0.85
3.77 ± 0.57
3.70 ± 0.22
4.09 ± 0.84
3.56 ± 0.45
3.60 ± 0.21
4.00 ± 0.87
4.82 ± 2.33
4.90 ± 1.82
4.53 ± 1.20
4.78 ± 0.64

*Values were read from a graph and no standard deviations were given.
MWNT: Multi-Walled Nanotubes
HAc: Acetic Acid
MMT: Montmorillonite
DDA: Degree of Deacetylation
RT: Room Temperature
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5.4.2 AFM and SEM Picture of Indentation Marks
Significant pile – up of the chitosan film could be seen in all of the AFM pictures
taken of the indentation locations, regardless of the treatment combination. However, the
actual height of the pile-up could not be determined, as AFM could only measure 7.5 µm
on the z-axis. The pile-up present was at least 4.0 µm, as shown in Figures 5.2, 5.4, 5.6,
and 5.8, but that number is not accurate due to the thickness of the film. Even with the
significant pile – up, there were no delamination events visible, a very desirable feature
of coatings used for biomedical implants. The lack of delamination is likely the result of
the film thickness; since the films were thicker than the nano-indenter could press, the
nano-indenter never approached the metal – film interface and therefore did not place
enough energy at the metal – film interface to cause any delamination events. The film
surrounding the pile – up was smooth, with no outward pressing of the film
demonstrated, as shown in Figures 5.2 – 5.9. The chitosan did crack under the pressure
of the indenter, but the depth of the crack was not through to the metal underneath, as
shown in Figures 5.3, 5.5, 5.7, and 5.9. Neither the metal treatment nor the silane
treatment showed any major differences in the appearance of the nano-indentation mark.
The lack of influence on the film surrounding the indentation mark is an indication of the
film’s ability to absorb applied stress, thereby reducing the chance that damage to the
film will adversely affect the coating. Since the film stays attached to the metal surface
when stress was applied, no flaking of the coating occurred, which is a major problem of
hydroxyapatite coatings [5.9]. Unlike hydroxyapatite coatings, which flake and allow
macrophage cells to cause crevice corrosion [5.9], the chitosan coatings absorb the
applied stress, stay attached to the metal surface, and can prevent the crevice corrosion
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that results from the coating flaking off the surface. The stronger attachment of the
chitosan coating also allows for better growth of bone cells into the film, improving the
osseointegration of the implant into the surrounding bone.

5.4.3 Roughness
The roughness of the films is determined by analyzing graphs produced from the
pictures taken using AFM. The analysis was performed in an effort to avoid the dust
particles left from the evaporation method used to deposit the chitosan films. The
roughness of the film was not statistically different for any of the treatment combinations,
nor for the individual metal treatments or individual silane treatments. The films were
considered smooth, with values ranging between 0.24 ± 0.10 µm and 0.35 ± 0.12 µm.
The smoothness of the film in all of the locations analyzed indicates that the chitosan film
is comparatively homogeneous throughout the surface layer of the film.
No published literature on the roughness of untreated chitosan exists. The values
measured here are once again for the surface of the films and do not measure the
roughness of the film due to the treatment. The statistically indifferent roughness values
indicate that the treatment does not affect the bulk properties of the film. However, this
research was not able to measure the roughness of the films near the metal surface to
determine if the treatment method changed film properties at the surface of the metal.
The slight roughness values are desired for implant coatings, as it increases the surface
area for proteins to adhere to [5.8].
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5.4.4 Scratch Testing
Scratch testing can be very useful in analyzing how effectively a film is adhered
to a surface. This includes measuring the amount of shear stress it takes to disrupt the
film, in the form of shearing force, and how strongly the film is adhered, in the form of
work of adhesion. Like roughness values, no published literature exists with respect to
the chitosan film adhesion using scratch testing. In order to determine this, however,
delamination events, or places where the film pulls off the surface, are required. The
results from the scratch testing proved to be inconclusive; there were no delamination
events so no determinations on the strength of the metal – film interface could be made.
The lack of delamination is probably due to the thickness of the film, where the energy
from the applied load could not reach the metal – film interface and therefore could not
disrupt it.
The critical load applied to the films did vary significantly with respect to the
metal treatment. The passivated surfaces had a much smaller critical load applied; for the
amount of load that was applied, much larger breaks within the film were seen for the
passivated films, as shown in Figures 5.13 – 5.14, as compared to the piranha treated
films, as shown in Figures 5.15 – 5.16. This difference in critical load may well be
affected by the breaks; the films with more breakage could not have the same critical load
applied as the films without the severe breakage. However, the cause of the film surface
cracks is probably the result of the method of deposition instead of any changes brought
on by the metal treatment. Because evaporation of chitosan is used, the chitosan polymer
chains align themselves in a random fashion. Several layers of chitosan chains exist
within the film; chains in the top layer could get intertwined with chains in the lower
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levels, increasing the resistance to cracking. However, chains in the top layer may not
intertwine with chains in the lower levels, thereby possibly reducing the ability of the
chitosan to resist cracking.
It is interesting to note that, while the passivated films cracked more than the
piranha treated films, the cracks did not propagate outside of the line created by the nanoindenter. This seems to indicate an ability of chitosan to absorb applied stress and not
allow it to move throughout the film surface. This lack of crack propagation would
reduce the ability of the film to flake off the metal when shear stresses are applied in
implantation, thereby preventing or reducing the chance of pitting and crevice corrosion.

5.4.5 Bulk Adhesion
In order to determine if the fracture of the surface takes place within the glue,
within the film, or at the film-metal interface, the strength of the glue first had to be
determined. The strength of the glue in this research was determined to be 5.22 ± 1.77
MPa. Therefore, if the film could withstand more the 5.22 ± 1.77 MPa, the fracture
should occur within the glue.
The results show a significant increase in the strength of the glue, from 5.22 ±
1.77 MPa to 19.50 ± 1.63 MPa. The increase in strength of the glue indicates that a
reaction between the chitosan and the glue took place, thereby increasing the strength of
the glue. This reaction could be the result of a slightly porous chain organization in the
chitosan and/or the solvent of the glue reacting with the chitosan. Whatever the reason,
the strength of the glue was significantly increased. One way to determine if the strength
of the film is stronger than literature values would be to use a different glue, with a higher
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bond strength. The increased bond strength of the glue would allow for a better
determination of the strength of the bond between the metal surface and the chitosan film.
However, even with an increase in glue strength, 19.50 ± 1.63 MPa was not
enough to disrupt the chitosan film – metal interface. Of nine samples tested, only one
sample of passivated, amino treated metal showed any film fracture, as shown in Figure
5.17. All of the other samples, and even the sample with the small film fracture, broke at
the glue – aluminum pin interface, with the glue remaining on the film, indicating that the
tensile strength of the glue – film exceeded the glue strength between the glue and the
aluminum pin. The strength of the film – metal bond has far exceeded the previously
published film strengths of 1.5 – 1.8 MPa [5.6]; the film – metal bond also possesses the
same general tensile strength as hydroxyapatite coatings, which range between 6.7 MPa
to 26.0 MPa [5.6]. While no significant changes could be seen between the four
treatment combinations, the increase in time that the substrates spent in the silane
solution from ten minutes to twenty-four hours and the use of toluene as the solvent in
place of 95% ethanol – 5% water did greatly affect the bond strength between the silane
and the metal surface.

5.4.6 Contact Angle
The contact angle measurements are used to determine the hydrophilic nature of a
surface. Contact angle values greater than 90o are considered hydrophobic, while contact
angle values less than 90o are considered hydrophilic. There were no significant
differences between the four treatment combinations; all of the films are considered
hydrophobic, although the amount of hydrophobicity is low, with the largest contact
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angle being 98.0 ± 3.6o. This number is higher than published values of 76.4 ± 5.1o [5.7].
The increase in hydrophobicity is likely due to the method of film preparation. Acetic
acid was used to dissolve the chitosan in water. Following the evaporation of excess
water and acetic acid, the films were not rinsed with either ethanol or sodium hydroxide
to remove the acetic acid. The presence of the acid likely affected the contact angle
readings.
A slightly hydrophobic film may actually be desired, as hydrophobic films bind
more proteins. This occurs because the proteins are able to align more tightly together
with their hydrophobic ends attached to the film [5.8]. An increase in protein attachment
is actually desired, as cells adhere to proteins on the surface of a material, not to the
actual material [5.8].

5.4.7 Final Mechanical Properties Comparison
The previous discussion has provided insight into the differences between the
films produced in this research and published films. Table 5.22 shows the best published
values, if available, and the values produced in this research. The roughness values and
the values for scratch testing were not listed in the table, since there were no published
values to compare to this research.

Table 5.22. Mechanical property comparisons between this research and published values.
Mechanical Property
Published Literature Values
Hardness (GPa)
0.14 ± 0.29 [5.5]
Elastic Modulus (GPa)
4.09 ± 0.84 [5.5]
Bulk Adhesion (MPa)
1.8 [5.6*]
Contact Angles (o)
76.4 ± 5.1 [5.7]
* No significant values were listed for these values.

Values from This Research
0.19 ± 0.06
4.90 ± 1.82
19.50 ± 1.63
98.0 ± 3.6
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As the Table 5.22 shows, the bulk adhesion value for this research was much
higher than previously published bulk adhesion values. This significant increase to the
adhesion strength demonstrates that the films produced are considerably higher quality
than previous films. The bulk properties of the film, such as hardness and elastic
modulus, did not change as a result of the surface treatments; therefore, the surface
treatments did not change the structure of the chitosan film.
5.5 Summary
In order to ensure that the results obtained from the mechanical tests were
comparable to the films produced for chemical analysis, XPS was run on a sample of the
films produced for mechanical testing. There were no statistical differences between the
films produced for chemical analysis or the films produced for mechanical analysis.
Therefore, all of the results from mechanical testing were considered relevant to the films
created using the four different treatment combinations.
The hardness and elastic modulus values for each of the four treatment
combinations were not statistically different. Also, the hardness and elastic modulus
values for the individual metal treatments and individual silane treatments were not
statistically different. Finally, the hardness and elastic modulus values were not
statistically different from published literature values for chitosan. This indicates that the
treatment used in creating the films did not affect the bulk properties of the film, as the
treatment was located at the metal – film interface; the hardness and elastic modulus
values were determined at the film surface and did not penetrate the thickness of the film
to reach the metal – film interface.
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The roughness values obtained from analysis of the AFM pictures indicate
relatively smooth films, with no statistical differences between the different treatment
combinations. The slightly rough surface is desirable for implant coatings, as this
increases the surface area for proteins to adhere to.
Scratch testing indicated a difference in critical load for films created using a
passivated metal as compared to films using a piranha treated metal. However, no
delamination events were seen and therefore, no shearing force or work of adhesion
values can be determined. The difference in critical load, and the cracks produced, were
probably the result of the chitosan chain interaction rather than a statement on the metal
treatment method.
Bulk adhesion indicated a significant increase in the metal – film interface
bonding as compared to published results. There were no significant differences
associated with the treatment combinations, but the glue strength was significantly
increased after being placed on the chitosan surface. Even with the increase in glue
strength, however, the films did not pull off the surface and were able to withstand 19.50

± 1.63 MPa of tensile stress; the point of break occurred at the glue – aluminum pin
interface. The time increase of the titanium substrates in the silane solution and the effect
of toluene as the solvent, instead of 95% ethanol – 5% water, are likely the sources of an
increase in bulk adhesion strength.
The chitosan films were considered hydrophobic following contact angle
measurements. This research also had much larger contact angles than published
research, with values as large as 98.0 ± 3.6o compared to 76.4 ± 5.1o. The increase in
hydrophobicity is likely due to acetic acid residue instead of the result of film treatment,
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as the contact angles from the different treatment combinations were not statistically
different. A hydrophobic surface is desirable, however, as it has been proven to increase
protein adsorption which is directly related to cell adhesion, since cells bind to proteins
adhered to the surface, not the surface itself.
Overall, mechanical testing indicated that the treatment combination did not affect
the bulk properties of the film, as indicated by the hardness, elastic modulus, and
roughness values of the films. Also, the method followed to deposit the different silanes
significantly increased the quality of the films as demonstrated by the increased bulk
adhesion values. Scratch testing and contact angle tests indicate several differences can
occur, which is likely due to the organization of the chitosan chains and the interaction of
the surface chains with the chains located beneath those surface chains.

CHAPTER VI
SUMMARY AND CONCLUSIONS
6.1 Introduction
Several different methods were used to determine if the films produced in this
research were higher quality than films previously produced. Four treatment
combinations were used for the majority of this research, following the determination that
the first reaction resulted in poor film adhesion. Chemical analysis was performed on
each step of the reactions in order to confirm, or reject, the anticipated surface reaction.
Mechanical testing was then performed on the final films to determine the films’
hardness, elastic modulus, roughness, adhesion, and contact angle. The results from the
chemical analysis and the mechanical analysis allowed us to determine if our films were
of higher quality than previously published films.
6.2 Chemical Analysis
Using X-Ray Photoelectron Spectroscopy (XPS), the anticipated surface reactions
could be confirmed, or rejected. The surface analysis of the original silane reaction,
using isocyanatopropyltriethoxysilane, provided evidence that the anticipated surface
reaction was not occurring. The low presence of the TiO, the removal of the reactive
terminal groups, and an inability to form a silane monolayer were all contributing factors
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in the development of a new method to treat the titanium surface and in a new solvent to
deposit the silane molecules.
Following the realization that the anticipated surface reaction was not occurring,
the titanium metal was treated with a piranha solution, to encourage the formation of TiO
groups. A significant increase in the presence of the TiO groups as compared to the
passivated metal was seen using XPS. These groups are ultimately responsible for
binding the silane molecules to the surface.
The silane molecules were also placed in toluene, instead of a water – ethanol
mixture, to reduce the chances of unwanted polysiloxane formation and removal of the
reactive terminal groups. Two silanes were chosen to provide more information about
the binding of the chitosan film to the titanium surface. One silane,
aminopropyltriethoxysilane, needed a linker molecule, gluteraldehyde, in order to bind
chitosan; the second silane, triethoxsilylbutyraldehyde, did not need a linker molecule.
Four treatment combinations were created, using either passivated titanium or
piranha treated titanium, and using either the amino silane or the aldehyde silane. The
anticipated surface reactions were then examined using XPS. The use of a different
solvent likely resulted in closely packed silane molecules, using both the aldehyde silane
and the amino silane. The piranha treated metal also appeared to bond more silane than
the passivated metal, as there were more TiO groups present originally.
The chitosan films were too thick to examine the reaction between the silane
molecules and the chitosan films using XPS. However, XPS was able to show that the
chitosan films still contained some residual minerals from the original starting materials,
even following the demineralization process. Also, XPS showed that the chitosan films
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are not completely homogeneous, a fact explained by the multiple shellfish exoskeletons
used to create the chitosan powder, even though all of the powder used came from one
batch. Since each shellfish is different in its uptake of minerals and production of chitin,
the precursor of chitosan, the deacetylation and demineralization processes would not
make the chitosan from each shellfish exactly the same. However, the chitosan films did
not have major differences, indicating that the treatment combination did not affect the
chemical structure of the chitosan film.
XPS was also used to analyze the films used in mechanical testing. It showed that
all of the films used fell within the range of films produced using one of the four
treatment combinations. This allowed all of the results from the mechanical tests to be
considered relevant to the films used in chemical analysis.
6.3 Mechanical Analysis
The films produced were tested to determine if any major changes were made to
the chitosan using the four treatment combinations. The hardness and elastic modulus of
the films were examined using nano-indentation. These values were unchanged, in part
due to the thickness of the film. However, the lack of change indicated that the silane
reactions did not change the structure or bulk properties of the chitosan. The roughness
of the films were determined and showed no significant differences between the four
treatment combinations. The lack of significant difference again showed that the
treatment combinations did not affect the bulk chitosan properties.
The films were too thick to gather much information from scratch testing. No
delamination events occurred, indicating that at least the film could withstand more than
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the energy exerted by a force of 600 mN. Bulk adhesion testing was also performed on
the films, to determine the tensile strength of the films attached to the surface. Our
results were much higher than any previously published results with regard to the
adhesion strength of the chitosan film. In fact, the adhesion strength of the chitosan film
was in between values published for the adhesion strength of hydroxyapatite, a ceramic.
The chitosan films were also slightly hydrophobic, a possible advantage to binding
proteins.
6.4 Relation to the Research Objectives
The primary goal of this research was to produce higher quality films than had
been previously published. This goal was obtained: the films produced were more tightly
bound to the titanium surface than any previously published results.
A complete understanding of the surface chemical reactions helped lead to these
higher quality films. Without the surface analysis performed on the published silane
reaction, the reasons for the film failure would never have been known. The first “subobjective”, analyzing the surface of a published silane reaction, allowed us to develop a
different treatment protocol to increase the TiO group, reduce the loss of the reactive
terminal groups, and prevent the unwanted formation of polysiloxanes. The poor quality
of the films was best illustrated by the inability of the films to stay bound once the films
were subjected to the high vacuum necessary for SEM; the films were unable to enter the
XPS ultra – high vacuum chamber for the fear that the film would pull off the surface and
become lodged in the ion pump, causing a significant downtime for the XPS machine.
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The second “sub-objective”, analyzing the surface of four treatment
combinations, allowed us to determine that the anticipated surface reactions were indeed
occurring as desired. The indications of these anticipated surface reactions included the
reduction in TiO groups between the metal surface and the silane treated surface, the
increasing amount of silicon on the surface following the silane reaction step, and the
ability of the chitosan films to stay attached in the ultra – high vacuum system required
for XPS.
The third “sub-objective”, analyzing the final films to determine the mechanical
properties, showed us that the metal treatments and silane reactions did not chemically
alter the structure of the chitosan, as the surface properties of the film were statistically
similar to published results. The mechanical analysis also showed that the films were
tightly bound to the titanium surface, as neither scratch testing nor bulk adhesion testing
caused the films to delaminate, or pull off, the surface. The lack of delamination will
prevent the film from flaking off the titanium surface. The ability to prevent flaking of
the film will also prevent crevice corrosion and pitting caused by the macrophages
attacking a foreign body; without places for the macrophages to get into to begin
degrading the implant, the less of chance for failure of the implant.
The chemical analysis performed on the surfaces allowed us to determine that the
anticipated surface reactions were occurring. The mechanical analysis performed on the
final films allowed us to determine that the bulk properties of the chitosan film were not
changed, but that the chitosan films were tightly bound to the titanium surface. These
two sets of analyses provided significant evidence that the films produced in this research
are high quality films and are better than any of the results previously published.

CHAPTER VII
FUTURE WORK
7.1 Introduction
The research area that deals with improving implants and implant coatings is very
broad, with several different avenues of investigation ongoing at the same time. While
this research presented begins to cover the film – implant interface, it by no means
exhausts all possibilities available for exploration. The research presented in this
dissertation covers only the surface science of the chemical reactions and the mechanical
effects of the chemical reactions. Specifically, this research presented two different
silane reactions on two different metal treatments, but did not address other methods of
deposition; this research also did not focus on the biological effects that may occur in the
chitosan coating because of the different treatment schemes. Future research into the
biological effects of the treatments and into other methods of deposition can further
characterize and improve upon the bonding of a coating to a metal implant surface.
Several methods to further characterize the films presented in this research and to
improve upon the chitosan binding should be considered for future work.
7.2 Sterilization Effects
Chitosan has been sterilized using different techniques, such as autoclaving,
ethylene oxide, and gamma irradiation. Each of the techniques sterilizes the bulk, and the
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surface, of the chitosan. While bulk tests on the sterilized chitosan films have been
performed, and changes in the tensile strength, contact angle, and hemolysis properties
have been detected, no tests to determine if changes occur at the nano-scale have been
conducted. The previously presented research did determine properties on the nanoscale, but these tests were conducted on “as-cast” chitosan. However, no material can be
implanted into any animal without sterilization. Therefore, mechanical properties at the
nano-scale need to be gathered and compared to present research, in order to determine if
any major structural changes have occurred due to sterilization. Nano-indentation and
scratch testing on the sterilized surfaces will provide the sterilized elastic modulus and
sterilized hardness; it may also provide information about the bond strength, and if that
bond was degraded during sterilization. These two tests can provide valuable
information relating to how these sterilized films would stand up during implantation.
Nano-indentation properties are very useful to determine how a film will react
during implantation. However, if the thickness of the film is not greatly affected, scratch
testing may not provide any valuable information about the bond strength. Therefore,
other mechanical properties will need to be investigated. Nano-indentation properties
should be investigated with equipment that allows greater depth penetration as compared
to the equipment used in this research. Also, bulk adhesion tests, where the film is pulled
off the metal substrate, will provide information about the bond strength. By comparing
this bond strength to the bond strength of the unsterilized films, one will be able to
determine if the underlying silane layers were affected by the sterilization. Also, contact
angle treatments will allow the researcher to determine if the films hydrophilic nature
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changes; a major change in the nature of the film may present a problem to cell
attachment and growth.
7.3 Biological Effects of Chitosan Treatments
The films developed in this research were produced using two different silanes
and two metal treatments. While the chitosan film is thick, there is still a chance that the
metal treatments and/or silane treatments may affect the make up of the chitosan film;
while XPS could not determine this change, osteoblasts may notice the change and be
unable to attach and/or grow. Therefore, cell studies will need to be performed on the
films produced in this research to determine if cell attachment and cell growth is affected.
As previously stated, only sterilized material may be used in implants; therefore, the
chitosan films should be sterilized before testing the cell attachment and growth, in order
to determine if major changes are present from previous literature.
7.4 Applications to Different Implant Metals
In this research, all of the data was collected using only commercially pure
titanium – grade 4. However, multiple different implant metals exist. Titanium – 6
Aluminum – 4 Vanadium and Cobalt – Chrome implant quality metals should also be
used to determine the effects of the two different silanes. This research would include XRay Photoelectron Spectroscopy to determine the reactions occurring at the surface of the
implant metals, nano-indentation to determine if any mechanical properties change as a
result of the metal substrate, bulk adhesion to determine if the binding strength is the
same, and contact angles to determine if the hydrophilicity of the chitosan film is affected
by the metal substrate. Also, sterilization effects and biological effects should be
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examined for each of the metals to determine if any changes occur because of the metal
substrate or reaction series.
7.5 Effects of Solvents
In the presented research, toluene was used as the solvent with which to carry the
silanes. This solvent was chosen because it contains no water, which reacts with the
silanes to remove the reactive terminal end groups and cause a polysiloxane to form.
However, toluene is dangerous and mutagenic effects have been demonstrated in the
laboratory [7.1]. It is not considered a carcinogen, because insufficient research has been
performed on the chemical; however, damaging effects have been seen in a multitude of
different human systems, including cardiac, lungs, and brain [7.1]. While it produced
results superior to previous films, the use of toluene needs to be eliminated. Therefore,
another solvents without the known toxicity effects of toluene need to be investigated.
These solvents all must have two major properties similar to toluene. First, the
solvents should not absorb water from the air. If the solvent does absorb water, even in
small amounts, as toluene can, then the procedure given in chapter two, where the solvent
is placed in sealed containers covered with parafilm, should be followed to minimize the
intake of water. However, if the solvent absorbs water just because the top of the bottle
was removed, then these solvents should not be used. The solvents also need to be
organic, since silanes dissolve in the organic solvent and do not separate. However,
substituting a toxic, carcinogenic solvent with a toxic, non-carcinogenic solvent only
solves one half of the problem. Therefore, the solvents need to be relatively non-toxic
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and non-carcinogenic. Some solvents to investigate include 200 proof ethanol, ethyl
ether, and acetone. Other suitable solvents may exist and should be investigated.
Once several suitable solvents have been identified, a comparison between the
results of the varying solvents should be compared to toluene. This includes a chemical
reaction analysis to determine the percentage of carbon, oxygen, titanium, silicon, and
possibly nitrogen, and the different species of compounds present. A major decrease
would not be desired, as this would affect the bonding of the film to the surface.
However, values that only decrease slightly, stay the same, or even increase, would be
highly desirable as the solvent then removes the toxicity and carcinogenicity of toluene.
The mechanical properties of the produced films using the desirable solvents would also
need to be compared with films produced using toluene. Nano-indentation, scratch
testing, bulk adhesion, and contact angle measurements would all be necessary in order to
determine if the new solvent had any effect on the bond strength and hydrophilicity of the
films. The newly produced films would also need to be sterilized and the same
mechanical tests would need to be performed in order to determine if the sterilization
affected the silane molecules in any way. Finally, biological tests, including cell
attachment and growth, would need to be performed to determine if there were any major
changes detectable by the osteoblasts but undetectable by chemical means.
7.6 Effects of Deposition
An offshoot of determining the best solvent to deposit the silane from would also
be to investigate methods to deposit the silane without the presence of a solvent, or a very
minimal amount of solvent. A commonly used method of depositing silane is chemical
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vapor deposition (CVD) [7.2 – 7.3]. In CVD, the silane is vaporized at a relatively mild
temperature (90oC – 130oC) [7.3]; following a set time to allow the silane to react with
the substrate, the reactor is then purged with nitrogen gas to remove physisorbed
molecules, instead of the sonication performed when using toluene [7.2].
Activation of the metal substrate can also be accomplished without the use of
silanes. This activation would be performed using other deposition methods, including
plasma deposition and laser deposition. Plasma polymerization takes place at low
temperature and low pressure, using plasma that has been produced by a glow discharge
through an organic vapor or gas [7.4]. The organic compound used determines the
minimum wattage needed, as this differs dramatically between organic monomers [7.4].
Commonly used organic compounds are allyl amine and hexamethyldisiloxane in oxygen
[7.4 – 7.5]. This method produces large peaks of either nitrogen or oxygen, respectively
[7.5 – 7.6]. There are two main types of laser deposition: pulsed laser deposition (PLD)
and matrix – assisted pulsed laser evaporation (MAPLE). In PLD, a laser is aimed at a
target containing the reactive material. The laser causes the “significant material removal
. . . in the form of an ejected forward-directed plume” [7.7]. A laser is used because it is
able to readily vaporize almost any material, making thin film deposition of any material
possible [7.7]. MAPLE is also pulsed laser, but is used when the ultraviolet laser light
interacts with the organic target [7.7]. With MAPLE, the target is a frozen matrix of
solvent and polymer; when the laser light hits the matrix, it heats the solvent until it
vaporizes [7.7]. This heating causes enough kinetic energy to releases the polymer into
the gas phase; MAPLE allows the use of the polymer without any significant
decomposition [7.7]. In fact MAPLE has been used to deposit pullulan, a polysaccharide
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of glucose [7.8]. The major difference between plasma deposition and laser deposition,
especially matrix-assisted pulsed laser evaporation, is the ability to actually use the
polymer to coat the metal, which is not possible using plasma deposition.
Chemical vapor deposition of silane, plasma deposition of allyl amine or
hexamethyldisiloxane, and laser deposition of chitosan or a silane are just three methods
that can be used in an effort to improve the metal – substrate interface. Since the three
techniques use different beginning materials, a study in the chemical reactions should be
done. Several chemical tests should be performed on the final films; these tests will
compare the different techniques to ensure that the chitosan film was not affected by the
chemical treatment. In order to determine if these methods improved the interface,
several mechanical tests will also need to be conducted. These mechanical tests include
nano-indentation, scratch testing, and bulk adhesion. Nano-indentation tests would be
used to determine if the chemical treatments affected the film in any way, including
changing the elastic modulus or changing the hardness of the chitosan film. Based on the
deposition method, there may also be linker molecule thickness differences that could
affect the binding of the chitosan films. This binding difference may result in
delamination of the film when a scratch is induced. If no differences are seen, however,
bulk adhesion tests would be used to determine the strength of the bond created by the
different deposition techniques. Finally, biological tests, such as contact angle, cell
attachment studies, and cell growth studies would need to be performed to determine if
major changes to the film occurred because of the treatment; these changes may not be
seen chemically, but would be “seen” biologically if the cells failed to attach and/or
grow.
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7.7 Coating Methods to Control Thickness
Currently, the chitosan films are around 100 µm, which is the lower end of
thickness that can be seen by the human eye; these films are considered thick. This
thickness could very easily affect the binding properties of the films produced. Only a
small portion of the chitosan film binds to the metal surface by way of a silane and a
linker molecule, as in the case of aminopropyltriethoxysilane, or just a silane, as in the
case of triethoxsilylbutyraldehyde; the rest of the film intertwines with itself. Therefore,
it would be beneficial to determine ways to control the thickness of the film, which
includes investigations into how to lower the thickness, which could possibly produce
higher quality films that are bonded more to the metal than to itself.
As part of controlling the thickness, however, care must be taken to ensure that
the film produced is not too thin; a film that is too thin would easily be degraded,
exposing the silane/gluteraldehyde combination or the metal surface. The effects of the
silanes on bone cells would need to be investigated to determine what toxicity values are
present and how these silanes affect bone cell growth, metabolism, and proliferation.
Once a minimum thickness has been determined, then mechanical tests would need to be
performed to determine if an improvement has been made in the binding of the film to the
metal surface. Scratch testing could be very useful in these tests, as the film may be
considered thin, in the upper nanometer or lower micron range, and delamination could
occur. Contact angle tests would also need to be performed to determine if the thickness
affected the hydrophilicity of the chitosan films. Biological tests would have already
performed to determine the minimum thickness of the chitosan films to be used for
further testing.
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7.8 Coating Additives
One of the many properties that make chitosan so useful is its ability to bind to
proteins and other materials, such as calcium. The addition of proteins and/or other
materials can help to improve the differentiation and proliferation of bone cells.
The addition of proteins, such as bone morphogenetic protein, can help promote
differentiation. However, proteins are more sensitive to chemicals than polysaccharides
are. Therefore, care must be given to prevent the protein from becoming denatured.
Tests of the activity of the protein will need to be performed at every step of the reaction
scheme. This includes testing of the protein after evaporation of the chitosan film and
testing of the protein after sterilization. Should the protein not become denatured, then
mechanical testing to determine if bond strength, hardness, and elastic modulus of the
film are affected would be performed. Also, biological testing of both cell attachment
and cell proliferation would need to be performed and compared to the chitosan film that
does not contain the protein.
Chitosan readily absorbs calcium, which in turn causes the uptake of phosphate
ions [7.9]. Also, chitosan has been shown to be a good transportation tool for
hydroxyapatite [7.10]. Studies have been performed on the different uptake of chemicals
and ceramics, which include testing the hardness and elastic modulus of the film.
However, bonding these composites to a substrate has not been examined. The bond
strength of these modified chitosan films is of significance to coating quality and the
prevention of flaking and cracking.
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7.9 Coating Materials
Chitosan, as previously stated, is a copolymer of glucosamine and N-acetyl
glucosamine. There are several other compounds present in the human body that
resemble chitosan, differing only by the acetamide group or the amine group.
Hyarulonate and glucosamine are two such compounds. These compounds could be used
in conjunction with, or in place of, chitosan to improve the bioactivity of the coating.
Figure 7.1 shows chitosan compared to hyarulonate, with the molecular differences
shown in bold italics; glucosamine was not shown as it is a part of chitosan.
In order to determine if the addition of hyarulonate or glucosamine improves the
chitosan coating, or should replace the coating, several tests will need to be performed.
To begin with, the chemistry of the reactions will need to be determined using X-Ray
Photoelectron Spectroscopy. This will allow the researcher to ensure that the reaction
scheme is similar to the reaction scheme presented in this research. The mechanical
properties will also need to be tested. Because hyarulonate and glucosamine are both
polymers, the possibility exists that no major changes to the hardness and elastic modulus
of the coating will occur. However, this would need to be proven. Since the chemistry of
the compounds differ from chitosan, as demonstrated in Figure 7.1, the bond strength of
the modified chitosan coating and the coatings without chitosan will need to be examined
using bulk adhesion tests. Contact angle tests will also need to be performed to
determine if the addition of hyarulonate or glucosamine affects the hydrophilicity of the
chitosan films; contact angle tests will also need to be performed on the coating without
chitosan to determine if any changes to the hydrophilicity of the polymers occur because
of the chitosan.

466
Following sterilization, the mechanical properties will need to be reexamined to
determine if sterilization affects either the modified chitosan films or the individual
polymer films. This includes the determination of hardness and elastic modulus, along
with bulk adhesion tests. Contact angle tests will also need to be performed to determine
if the sterilization method affected the hydrophilicity of the modified chitosan films or
the individual polymer films. Finally, biological tests will need to be performed to
determine if the attachment, differentiation, and proliferation of bone cells is affected by
the modified chitosan films or the individual polymer films.
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Figure 7.1. The differences in biological molecules.
(a) chitosan and (b) hyarulonate [8.11], shown in bold italics.
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7.10 Conclusions
As demonstrated in this chapter, plenty of areas exist which can improve the
metal – coating interface to improve implant life and the quality of tissue growth. Many
different areas exist to explore, including changes in implant metals, modification of the
solvent, alteration of the deposition method, and additions to the chitosan film. These
adjustments would need to be individually tested in order to determine the best method to
improve the metal – coating interface, while improving the coating – tissue interface or
affecting the interface minimally.
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